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ABSTRACT 
THE GENETIC STRUCTURE OF NORTHEASTERN POPULATIONS OF THE 
TACHINID COMPSILURA CONCINNATA (MEIGEN), AN INTRODUCED 
PARASITOID OF EXOTIC FOREST DEFOLIATORS OF NORTH AMERICA 
MAY 1995 
VICENTE SANCHEZ, B.A., WESLEYAN UNIVERSITY 
M.A., UNIVERSITY OF MASSACHUSETTS AMHERST 
Ph D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by Professor Ring T. Carde 
The tachinid fly Compsilura concirmata (Meigen) was introduced to North America 
in 1906 for the biocontrol of the forest defoliators Lymantria dispar (L.) and Euproctis 
chrysorrhea (L.) when these caterpillars were defoliating large areas of eastern 
Massachusetts. Most of the flies released, however, were the progeny of adults emerging 
from E. chrysorrhea caterpillars collected in Eastern Europe. Although this tachinid is a 
generalist parasitoid, in Europe it is considered an important specialist of pestiferous 
species based on the level of its recovery there. Also, as one of the first insects established 
against forest defoliators in the Northeast, C. concirmata is in a premier position of 
providing information about colonization that increases the understanding in population 
genetics of how founder effects and dispersal influence the establishment of exotic insect 
populations. 
Initially in this study, a historical analysis was conducted to prepare a chronology of 
release of C. concinnata into North America and delimit its distribution. The introduction 
vrn 
and release of C. concinnata was relatively restricted as they were primarily reared from 
one host E. chrysorrhea collected in Eastern Europe. More importantly, the extent to 
which this fly moved ahead of successive releases suggested there may be a historical basis 
to expect little differentiation among their nearctic populations. 
The literature on population genetics and use of electrophoretic analyses were 
surveyed to establish their use with C. concinnata in North America. Enzyme 
electrophoresis has been widely used for delimiting populations of non-native parasitoids 
and tracking their movement into new hosts and localities. To determine the suitability of 
enzyme electrophoresis for a population genetic analysis of C. concinnata, selected 
isozymes were identified and cataloged in an established laboratory strain. 
The analysis of isoenzyme patterns for measuring the relatedness among and 
between individuals, is useful in molecular studies of population genetics provided these 
patterns are heritable. To determine the heritablility of isozymes in C. concinnata, an 
electrophoretic analysis was conducted using both the parents and adult progeny of 
observed matings. The genetics of some C. concinnata isoenzymes followed simple 
patterns of Mendlian inheritance and were allozymic. 
The population genetic structure of C. concinnata in North America was examined 
with trap-hosts placed throughout the Northeast. The flies reared out were sampled with 
protein electrophoresis. There were slight differences in the allozymes and allele 
frequencies of C. concinnata and in comparison with other Diptera, the variation among 
Northeastern populations was relatively low. The variability among Northeastern 
populations of this parasitoid reflect limited genotypes in the founding populations. 
Over time new differences in protein loci between geographically separated 
populations probably arise through selection or drift than through non-lethal mutations. 
The time needed for protein coding loci between distantly spaced populations of 
introduced insects to diverge sufficiently for them to be detectable has not been 
determined. Estimating the time needed for allozymes of introduced insects to reflect such 
differentiation is useful in understanding the evolution of biotypes, but is not a trivial 
process. Historical research in combination with analyses of the variability in allele 
frequencies among populations can be useful in determining the extent of divergence in 
non-native species that may lead toward new biologically adapted forms. 
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CHAPTER 1 
THE INTRODUCTIONS OF COMPSILURA 
CONCINNATA INTO NORTH AMERICA 
1.1 Introduction 
The intentional introduction of exotic beneficial insects into new areas is a 
fundamental strategy of biological control and a significant component of integrated pest 
management. Such introductions represent an artificial selection mechanism through the 
collection and movement of a limited population (Waage 1990). These introductions also 
provide an opportunity to investigate how genetic variation in non-indigenous species 
change in time and space (Price 1980). To study how species adapt to new environments, 
the post-colonization genetic structure of natural enemies can be analyzed using the 
heritable variability within and among their populations (Slatkin 1987). 
The investigation of how species selected for biological control affect numerical 
changes in host populations continues, despite the lack of a robust theoretical framework 
(Varley et al. 1973, Ehler 1990). Since the first gypsy moth, Lymantria dispar (L.), 
population outbreaks in Massachusetts, this lymantriid remains one of the most important 
defoliators of eastern mixed hardwood forests in the northeastern US and southeastern 
Canada (Doane and McManus 1981, Griffith and Quednau 1984, Howse 1987, Nealis and 
Erb 1993). Extensive damage by lymantriid larvae in Massachusetts forests from 1889 to 
1905, and the apparent success of biocontrol in reducing citrus scale in California 
(Howard and Fiske 1911), served as an impetus for federal and state agencies to establish 
1 
expeditions for the collection of the natural enemies of the introduced forest pests, the 
gypsy moth and browntail moth, Euproctis chrysorrhea (L.) (Burgess and Baker 1938). 
These expeditions studied, collected and shipped new entomophagous species to North 
America from Europe and Asia. The tachinid Compsilura concinnata (Meigen) was first 
released into the northeastern United States in 1906 as a natural enemy for the biological 
control of these introduced forest insects (Howard and Fiske 1911). Since this tachinid's 
introduction, ecological studies have suggested that it is an important mortality factor of 
gypsy moth populations both in Europe (Constantineanu et al. 1990) and North America 
(Elkinton et al. 1989). Efforts to understand the colonization genetics of parasitoids are 
hampered because little information is available on their patterns of establishment in new 
areas (Hoy 1976). Of all parasitoids introduced against forest pest Lepidoptera, C. 
concinnata has been the species most recovered from the widest variety of habitats across 
the Northeast. 
The goal of these early efforts with non-native species was to increase the spectrum 
of natural enemies against the major forest defoliators in northeastern North America 
(Howard and Fiske 1911, Dowden 1962). These initial efforts, however, did not consider 
the impact limited gene pools might have on the establishment of natural enemies. Indeed, 
the effects of bottlenecking in gypsy moth populations in North America, probably 
because of the introduction of a limited gene pool from France (Femald 1889), resulted in 
reduced heterozygosity at single loci in comparison to ancestral European populations 
(Harrison et al. 1983). This reduced variation did not affect the gypsy moth's successful 
establishment. Despite natural enemy introductions, defoliation by the gypsy moth 
2 
continues to be of concern, particularly as it spreads from the northeastern United States 
into the timber-producing regions of the western and southern US (Montgomery and 
Wallner 1988). In the last century the gypsy moth defoliated over 70 million acres of 
forests in the northeastern US, an area twice the size of all New England forests. The 
moth's present range in North America extends across the susceptible forests of the 
Northeast, is spreading toward the Southeast and has made occasional appearances in the 
Northwest (Twery 1993). 
The colonization history of the exotic tachinid C. concinnata is important for 
understanding the composition of the founding population, its adaptability in new 
geographic locations, and how these factors influence the patterns of distribution and 
genetic structure of present populations. The Tachinidae are the only protelean 
parasitoids in the Diptera and the entomophagous flies most widely introduced for 
biological control (Greathead 1986). Tachinids are placed in the superfamily Oestridae, 
but are considered to be far removed from the oestridids whose habit of obligatory 
parasitism of mammals fully distinguishes the group (Curran 1934). Compsilura 
concinnata, in spite of its polyphagy, is considered part of the higher tachinid complex 
because of its relative specialization on the Lepidoptera (van Emden 1959). Also, with the 
exception of Lydella, no other genus in this parasitic family has an early larval stage that 
specializes in feeding on its host within the ectoperitrophic space between the peritrophic 
membrane and the midgut epithelium of their caterpillar hosts midgut (Tothill 1922). 
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1.2 Introduction, Establishment, and Recovery of C concinnata within a Historical 
Context 
1.2.1 Introduction of C concinnata 
The goal of the US Bureau of Entomology in the early 1900's, to increase the overall 
mortality of the gypsy moth and browntail moth using biological control, began with the 
introduction programs of a variety of entomophagous species into the Northeast (Dowden 
1962). Compsilura concinnata was first released in North Saugus, Massachusetts in 1906 
(Table 1.1). Most of the puparia released from 1906-8 were from maggots emerging 
from late instar larvae and pupae of the browntail moth collected in Europe from southern 
France and Germany (Burgess and Crossman 1929). In France, this tachinid was also 
recovered from pupae of Pieris species, although no information was provided on the life 
stage of the parasitoid when it was collected or whether flies subsequently emerged 
(Pantel 1910). 
Compsilura concinnata has been introduced throughout the Northeast and into 
remote locations in the United States and Canada (e.g. areas with difficult access in the 
Pacific Northwest and British Columbia) against 13 species of Lepidoptera (Table 1.1). 
Of these target hosts, 4 were Lymantriidae which in North America at one time or another 
had outbreaks of economic importance. In the earliest period of C. concinnata releases 
from 1915-1927 across 25 areas where it had established in the Northeastern U.S. 
parasitism averaged 9% ± 5.5 (X±sd) (Figure 1.1). In this early study, Burgess and 
Crossman (1929) attempted to identify native mortality factors in gypsy moth and the 
influence of introduced natural enemies, and observed C. concinnata maggots emerging 
mainly from 5th instar caterpillars. Using their emergence tables the emergence of 
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Table 1.1 Release and establishment chronology for the tachinid parasitoid, 
C concinnata, in North America introduced for biological control of forest pest 
Lepidoptera. 
Year1 Release2 
Location 
Target3 
Host 
Source Number4 
Released 
Recovery 
1906 Saugus, MA GM, BTM France, Germany, Few 
Austria 
1907 Saugus, MA GM, BTM France, Germany, >Few Saugus, MA 
Austria 1 adult 
1909 Eastern MA GM, BTM Southern France, 6,121 Saugus, MA 
Germany Few Puparia 
1910 Eastern MA GM, BTM Europe, Japan 749 
District of Columbia WMT Reared in MA 115 
1911 Eastern MA GM, BTM Europe 
1912 Eastern MA GM, BTM MA 3,125 
Fredericton, NB, CA BTM 1,238 
St. Stephens, NB BTM 1,119 
1913 Southern VT and NH, GM, BTM MA 4,565 
Eastern MA 
Roswell, NM HO 250 
Nerepis, NB BTM 1,500 
St. Stephen, NB 1,500 
Bear River, NS 1,500 
1914 Northern RI, Eastern GM, BTM 14,488 GM and 
CT, NE Alternate Hosts 
Roswell, NM HO >400 in Eastem-MA, 
Fredericton, NB BTM 1,500 VT, NH, & 
Harvey, NB 2,000 Southwestern- 
Woodstock, NB 1,500 ME 
1915 NE GM, BTM 9,582 
Roswell, NM HO 2,005 
Tempe, AR HO 2,000 
Gainesville, Florida FAW 896 
Fredericton, NB BTM 1,500 
Keswick, NB 1,800 
Annapolis Royal, NB 1,500 
1916 NE GM, BTM 9,518 
Lower Woodstock, NB BTM 1,200 
Oromocto, NB 1,200 
Pokiok, NB 1,200 
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Table 1.1 Continued 
Year Release 
Location 
Target 
Host 
Source Number 
Released 
Recovery 
1916 Rosborough, NB BTM NE 1,200 
Temple, NB 
Upper Gagetown, NB 
Ayers Cliff, PQ 
Coaticook, PQ 
Stanstead, PQ 
Way's Mill, PQ 
Vineland, ON 
Gainesville, FL 
1917 NE 
FAW 
GM, BTM NE 
1,200 
1,200 
1,200 
1,200 
1,200 
1,200 
1,200 
2,125 
1,900 
1918 Tempe, AR CO NE 10,625 Fredericton, 
1919 NE GM, BTM NE 4,400 
NB 
Northwestern 
AR 
1921 Northern New Jersey GM NE 4,882 Castleton, VT 
1922 NE GM NE 780 
Mechanicville, 
NY 
Danbury, CT 
Northern NJ 
1923 Northern NJ GM NE 
983 
4,000 North Troy, 
Sacramento, CA CO 1,000 VT 
1924 Northern NJ GM NE 5,145 
Shandanken, 
NY 
Brooklyn, NY 
Swanton, VT 
Riverside, CA CO 1,500 Beekmanton, 
1925 Northern NJ GM Area GM NE 2,896 
NY 
Trenton, NY 
Topsfield, ME 
1926 Northern NJ GM Area GM NE 2,000 
Elizabeth, NJ 
1927 Eastern MA GM Europe 13,384 Bridgewater, 
NJ GM NE 2,750 NJ 
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Table 1.1 Continued 
Release 
Year Location 
Target 
Host 
Source Number 
Released 
Recovery 
1928 Boxford, MA GM Europe 484P 
Rowley, MA 2,3 OOP 
Rye, NH 16P 
Westerly, RI NE 3,184 
Nashua, NH SM 405 
New Market, NH 13 
1929 Chelmsford, MA GM Europe 120P 
Nasshua, NH 66P 
Raton, NM HO NE >700 
Puyallup, WA SM 300 
Tacoma, WA 730 
1930 Bow, NH GM Europe 3,978 
Bellevue, WA SM NE 1,057 
Kent, WA 735 
Eastern CA, BC 
1931 Middleborough, MA GM Europe 250 
Sumner, WA SM NE >59 
Eastern CA, BC 
1932 Sumner, WA SM NE <1,996 SM hosts-Sumner 
Tenimo, WA 224 WA 
Eastern CA, BC 
1933 Portland, OR FW NE 74 
Sumner, WA SM 440 
Silvana, WA 158 
Eastern CA, BC 
1934 Sumner, WA SM NE 1,713 
Eastern CA, BC 
1935 Puyallup, WA SM NE 143 
Eastern CA, BC 
• 
1937 Cass Lake, MN FTC NE 4,711 
Hailey, ID DFM 985 
1941 SM hosts-British 
Columbia 
1942 Santa Fe Nat. For., NM GBTC NE 800 
1947 Uncompaghe NF, CO SB NE 70 
El Rito, NM 431 
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Table 1.1 Continued 
Release 
Year Location 
Target 
Host 
Source Number Recovery 
Released 
1952 San Diego County, CA HA NE 4,790 
1957 NE GM, BTM NE 1,900 
1958 Tempe, AR CO NE 10,625 
1959 NE GM, BTM NE 4,400 
1960 Northern New Jersey GM NE 4,882 
1971 Delaware GM NJDA 17,340 
-77 Indiana 822 
Illinois 1,435 
North Carolina 9,350 
Rhode Island 2,200 
Virginia 500 
Wisconsin 1,200 
Minnesota 1,900 
1972 Northern NJ GM Austria, France, 
-74 Yugoslavia 
1972 Maryland GM NJDA stock to 
-77 MDA 
1974 Accomack, VA GM NJ 250 
1975 Accomack & Hampton, GM NJ 2,750 
VA 
1976 Coastal VA GM NJ 7,500 
1977 Coastal VA GM NJ 11,898 
Central VA 982 
Appalachian VA 1,775 
1978 Coastal VA GM NJ 23,365 
Central VA 802 
Appalachian VA 633 
1979 Coastal VA GM PA 7,980 
Appalachian VA 450 
1980 Coastal VA GM PA 3,900 
Appalachian VA 17,600 
1981 Coastal VA GM CT 22,335 
Central VA 4,863 
Appalachian VA 5,300 
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Table 1.1 Continued 
Year Release 
Location 
Target 
Host 
Source Number Recovery 
Released 
1982 Coastal VA GM PA 26,232 
Central VA 1,020 
Appalachian VA 1,686 
1983 Coastal VA GM PA 35,663 
Central VA 6,100 
Appalachian VA 2,932 
1984 Coastal VA GM PA 19,987 
Central VA 2,032 
Appalachian VA 1,982 
1985 Coastal VA GM PA 32,959 
Central VA 5,901 
Appalachian VA 4,567 
1986 Coastal VA GM PA 32,959 
Central VA 5,500 
Appalachian VA 1,800 
1989 WTM hosts- 
MI 
1 Sources by year were: 1906-1911 Culver (1919), 1912-1928 Schaffher (1927) and 
Burgess (1929), Canada 1911-1918 Tothill and Mclaine (1919), 1929-1960 Dowden 
(1962), 1961-1971 Coulson (1981), 1971-1977 Reardon (1981), 1974-1986 Ertle 
(1988), 1989 Luhman (1989). 
2 US Postal Service abbreviations for states, excepting those listed in parenthesis. 
3 Host abbreviations are: GM = Lymantria dispar (L.), BTM = Euproctis chrysorrea (L.), 
WMT = Hemerocampa (=Orgyia) leucostigma (J. E. Smith), CO = Colias philodice 
Boisduval and C. eurytheme, SM = Stiloptia salicis L., HO = Hemileuca oliviae Ckll., 
FAW = Laphygma (=Spodoptera) fugiperda (S & A), FW = Hyphantria cunea Drury, 
FTC = Malacosoma disstria L., DFM = Hemerocampapseudotsugata McDonald, GBTC 
= Malacosoma fragilis (Stretch), SB = Chorisloneura fumiferana (Clemens), HB = 
Harrisina bullions B. and McDonald 
4 Until 1914 tachinid was released as puparia, then generally as adults. 
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Year 
Figure 1.1 Parasitism of the gypsy moth, L. dispar, by the tachinid 
C concinnata among 25 sites in New England (NE) and 3 areas in eastern 
Massachusetts (MA) from 1915-1927 (data from Burgess and Crossman 1929). 
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maggots appears split between the 4th and 5th host instars (Figure 1.2). A recent life table 
analysis investigating contemporaneous mortality factors in artificial gypsy moth 
populations, however, found most emergence occurred from 4th instar caterpillars (Gould 
et al. 1990). The difference in host stages at parasitoid emergence between these studies 
probably reflects the timing in larval collections, and the number of degree days of 
development between the sampling dates. 
The fly has established principally in the northern latitudes of North America, even 
though it was introduced as far south as Florida. A few flies (< 200) were released in 
1906 into several localities in North Saugus, Massachusetts, but only a single fly was 
reared from gypsy moth caterpillars collected in the fall of 1907 (Culver 1919). A larger 
release in Saugus in 1907 apparently established the fly, since numerous maggots emerged 
from caterpillars collected the following year (Howard and Fiske 1911). An aspect of 
tachinid behavior not considered in those studies, however, was the influence their 
dispersal might have on maggot recovery the same year. 
In the tachinid gypsy moth parasitoid Blepharipa pratensis (Meigen), females have 
been recovered as far as 480 km away from the nearest source and has been attributed to 
their dispersal after mating (Burgess and Crossman 1929). Shortly thereafter the females 
seem to remain within a particular forest patch as their egg load begins to mature 
(Godwin and ODell 1989). If adults leave a patch after mating, such dispersal could 
explain the low recoveries of C. concinnata from particular sites. In fact, the releases 
after 1914 were primarily of mated adults held a few days before release to prevent such 
movement and to minimize mortality on puparia (Culver 1919); however, many of the 
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Figure 1.2 Emergence pattern of C concinnata maggots from 
gypsy moth, L. dispar, by host instar (based on Burgess and 
Crossman 1929). 
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later releases probably utilized puparia because they are easily handled. The rebound in C. 
concinnata numbers in subsequent years may occur as females from the surrounding areas 
recolonize. In recent years, parasite dispersal away from release and sampling areas has 
been considered to hinder their effectiveness as biological controls (Blumenthal et al. 
1981), but no studies have been undertaken to track these populations, presumably 
because methods to follow them are lacking. 
1.2.2 Establishment of C concinnata 
In 1909 "large and satisfactory" C. concinnata populations were released in several 
places within the infested area in the Northeast which researchers felt gave the tachinid a 
"fair opportunity to prove its effectiveness as an enemy of the gypsy moth and brown-tail 
moth" (Howard and Fiske 1911). In these introductions, researchers surmised that a 
release of 200-300 mated adult females would be sufficient to establish a population at a 
given locality (Culver 1919). The following year, puparia were readily collected 
throughout eastern Massachusetts (Table 1.1). The larvae of C. concinnata have been 
recovered from pupae of more than 200 species of Lepidoptera and of which 150 are 
native to North America (Amaud 1978), but their natural patterns of adult emergence in 
the spring have not been documented. 
1.2.3 Recovery of C concinnata 
The earliest emergence records in a season for C. concinnata larvae were on May 1 
from unidentified hosts, while the earliest sampling from browntail moth larvae has been 
in June (Culver 1919). The latest emergence records were from Pieris rapae collected 
November 1 (Schaffiier 1934). Scenarios regarding the overwintering strategies of this 
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tachinid have relied on life history traits determined primarily in laboratory and outdoor 
insectaries (Culver 1919, Webber 1926, Burgess and Crossman 1929). In the most 
complete study of the early development of C. concinnata, Tothill (1922) described in fall 
webworm hosts, the rapidity of maggot hatch soon after the injection of the egg, the 
movement of maggots into the space between the host midgut epithelium and peritrophic 
membrane, the maggots respiratory requirements and the relative locations of the later 2 
instars in its hosts. The maggot's life history traits have since been confirmed (Bourchier 
1991), and their rapid hatch and movement through the midgut longitudinal muscles has 
also been observed (Culliney et al. 1993). 
Collections of C. concinnata in the Northeast from 1906 to 1909 were primarily from 
active infestations of gypsy moths and brown tail moths in New England (Schafiner 1927). 
Thousands of post-diapause brown tail caterpillars emerged in the laboratory from winter 
nests collected in Massachusetts and were reared to the 4th instar. The failure of any C. 
concinnata to emerge from these caterpillars led researchers to conclude that it was not a 
suitable overwintering host for the fly (Howard and Fiske 1911). Second instar browntail 
moth caterpillars may escape C. concinnnata parasitism in the fall (when the fly needs 
hosts for overwintering larvae) because the caterpillars although locally abundant may be 
too small a host. The web building habits of this caterpillar could also minimize parasitism 
of individuals in the webs, but because they leave these nests to feed, exposure to the flies 
and any ensuing parasitism should be reflected the following season. 
Accurate and consistent overwintering life histories that can identify the likely 
phenological stage of C. concinnata in native and foreign host populations, however, are 
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lacking (Schaffher 1934, Reardon 1976). Pctpilio polyxenes (L.), Diacrisia virginica (L), 
Deilephila galii (Rottenberg), Deidamia inscription (Harris), Callosamia promethea 
(Drury), have yielded this fly, usually in the early spring (Culver 1919). In documenting 
these collections. Culver (1919) provided only general information about the collections 
and did not report the host's stages when sampled (Records of Gypsy Moth Laboratory 
1910). It is likely that these hosts overwintered in their species-specific stages although it 
is not clear what stage the tachinid was in at the time. The list of species susceptible to C. 
concinnata parasitism has increased dramatically since its introduction, and because of this 
broad polyphagy, its full host range in North America will be difficult to establish (Amaud 
1989). 
1.3 Diapause Biology and Post-diapause Emergence 
Weber and Schaflher (1926) conducted an extensive survey of the native hosts 
susceptible to C. concinnata parasitism. Numerous immatures of overwintering 
Lepidoptera were collected and kept until the spring for maggot emergence. Maggots of 
this tachinid emerged the following spring from overwintering larvae of Schizura concinna 
(J. E. Smith), S. unicornis (J. E. Smith), and Thanaos sp. Considering that in other areas 
the hosts were collected as overwintering pupae, this study would suggest that C. 
concinnata can utilize larvae for diapause regardless of the stadium in which the host 
overwinters. 
In a study to understand the overwintering pattern of C. concinnata in another host, 
the fall webworm, Hyphantria cunea (L.), hibernating 1st instar maggots were removed 
from host pupae, suggesting that this tachinid hibernates in host pupae as an early instar 
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larva (Thompson 1910). That stucjy, however, reported infrequent recoveries of maggots 
from overwintering brown tail moth caterpillars and provided no information on the 
number of flies successfully emerging. Information from both laboratory and field studies 
on the effect of temperature on this tachinid's development in H. cunea in New 
Brunswick, suggested that C. concinnata hibernated as a puparia outside of any 
overwintering hosts as well as 1st instar within hosts (Tothill 1922). 
Early research suggested that larval C. concirmata hibernated in the host pupa, 
continued larval development in the spring, later to emerge and pupariate (Culver 1919, 
Tothill 1922). The spring emergence of C. concinnata from D. Virginia pupae, collected 
late the previous fall as larvae, and C. promethea presumably collected as cocoons, 
demonstrated the susceptibility of native Lepidoptera, but seemed to contradict earlier 
findings suggesting the fly overwintered as a 1st instar larva within its host (Thompson 
1910, Pantel 1910). Sabrosky and Reardon (1976) suggested 2nd instar maggots 
overwinter in host pupae and hypothesized there are 3-4 generations per year in the 
Northeast. In spite of the descriptive biological information available for C. concinnata, 
the factors influencing its establishment and its overwintering strategy are still largely 
unknown. Understanding diapause in this tachinid eludes researchers because of its 
relatively cryptic endoparasitic larval stage and overwintering phenology. 
In a laboratory strain, maggots emerge 8-12 days after parasitization from hosts 
reared at 25°C. Flies emerge from the ensuing puparia held at 15°C about 15 days later 
(Sanchez 1991, personal observation). Using these developmental periods, we extrapolate 
that larvae in the field would emerge from overwintering hosts about mid April in the 
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Northeast. If this parasitoid overwinters as a 1st instar, post-diapause development in 
Southern New England would begin by late March or early April. After some 
species-specific threshold has been reached, degree day requirements determine when 
diapause terminates and post-diapause development begins. With this information an 
emergence window can be calculated to facilitate early collections of this tachinid in the 
spring from areas poorly represented the previous fall or from new sites not considered 
earlier in the season. 
Schaffiier and Griswold (1934) summarized the collections in the Northeast from 
1915 to 1929, and concluded that C. concinnata overwintered as maggots in hosts 
hibernating as larvae, prepupae and pupae. The phenological characteristic of using 
different stadia of immature hosts for larval parasitoid development appears to occur in 
many tachinid parasitoids of Lepidoptera. Weseloh (1984) has induced early emergence in 
C. concinnata maggots from stressed hosts, which suggests that there is a chemical signal 
influencing their emergence patterns. As the nondiapausing host approaches its prepupal 
stage, the larva of this tachinid might be induced to emerge from its host. In hosts 
preparing physiologically to overwinter as pupae, their diapause system may induce 
diapause in some tachinids, delaying maggot emergence until the next spring. 
In contrast, the first instar larva of the B. pratensis remains quiescent while encysted 
in its larval host’s muscle. After its host pupates, but before metamorphosis, the maggot 
leaves the host muscle to feed on pupal tissues, and rapidly completes its larval 
development (Shields 1976). In another gypsy moth tachinid, Parasitegena silvestris 
(Robineau and Desvoidy) maggot develops through the larval stage, but delay emergence 
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until just after the host forms a prepupa and exits generally before pupal ecdysis (ODell 
and Sanchez, unpublished data). In all non-diapausing lepidopteran hosts from which C. 
concinnata has been reared, maggots usually emerged before the prepupa is formed and 
generally before host pupation (Culver 1919, Webber 1937, Weseloh 1982). 
1.4 Field Biology 
The consistent recovery of C. concinnata from a variety of hosts (Amaud 1989) and 
habitats (Reardon 1976), and its potential to maintain lymantriid forest pest insects at low 
levels with parasitism rates as high as 70% in the last 3 host instars (Sisojevic 1979, 
Elkinton et al. 1989) justifies research toward understanding the population biology of this 
tachinid. A number of issues about the overwintering biology of C. concinnata remain 
unresolved: identification of habitat characteristics promoting hibernation, criteria for 
measuring overwintering success, and schema for evaluating potential overwintering and 
release sites. Large-scale fall collections of prediapausing host larvae or pupae could 
provide more information about the overwintering phenology in current populations of 
this tachinid. 
The apparency of C. concinnata in populations of Lepidoptera may vary with the 
host's developmental cycle; on the level of a univoltine host, the tachinid appears once in a 
generation, while in multivoltine hosts it appears often during the season. This recurrence 
in parasitoid populations could then cause host mortality over a longer time. With its 
broad polyphagy and relatively late initiation of diapause in the fall, C. concinnata is 
capable of multivoltine development, limited only by the host species available in a patch 
and its developmental speed within them. Weseloh (1984) presumed, given the 
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phenological synchrony of gypsy moth hosts in a localized population, that no gypsy moth 
hosts would be available for parasitism in a second generation. It is, however, possible 
that C. concinnata emerging from stressed caterpillars in warmer sites could emerge, 
mate, and immigrate to cooler adjacent areas with younger gypsy moth hosts. 
The early emergence of C. concinnata larvae has been induced artificially in the 
laboratory by ligating or stressing late instar hosts (Weseloh 1984). This suggests that in 
parasitized larval hosts late forming chemical signals serve to trigger maggot emergence. 
Early releases of this tachinid in Arizona and New Mexico, and experience with its ready 
establishment in the Northeast caused Culver (1919) to propose that even though the 
western areas were radically different from New England, the fly might still establish but 
that it would take some time before it adjusted to the warmer climate. However, this is 
unlikely given that the source of the introductions were of limited populations from 
western Europe acclimated to cooler temperatures. 
Temperature influences insect phenology and determines the length of a life stage, but 
the developmental plasticity seems broader for multivoltine species than for 
single-brooded groups. In the Appalachian Mountains, gypsy moth phenology can differ 
between adjacent ridges and valleys (Reardon 1992), generating a spectrum across the 
area of caterpillar stages with varying susceptibility to C. concinnata. The extended 
availability in ridge and valley forests of univoltine caterpillars susceptible to parasitism, 
permits the tachinid's offspring to utilize hosts over a longer time than in more 
homogeneous environments. Thus the element of spatial heterogeneity on the scale of a 
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forest can partition the environment into resource levels and influence the apparent 
availability of hosts to a parasitoid (Karieva 1990). 
Habitat partitioning and the possible subsequent resource specialization have been 
considered important in influencing the genetic heterogeneity of insects (Futuyma and 
Peterson 1985). As the application of microbials, such as the widely used biocide Bacillus 
thuringiensis Berliner, against forest defoliators increases (McManus 1990), the 
phenologies of tachinid host populations may also be sufficiently disrupted as to create 
pockets of asynchronous hosts within the relatively small landscapes over which such 
tachinids range. In these diverse environments, the role of asynchronous host populations 
on multivoltine tachinid populations, like C. concinnata, are unpredictable. 
1.5 Discussion 
The initial introductions of exotic foreign stocks were only into eastern 
Massachusetts and the dissemination of C. concinnata into other areas in North America 
were of insects collected primarily in New England (Table 1.1). The knowledge garnered 
in New England on the interactions of multivoltine tachinids with synchronous host 
populations may not be applicable in southern areas of North America, and may require 
new information about the interactions of these parasitoids within asynchronous host 
populations. It is clear from the introduction history of C. concinnata in North America, 
that if genetic variability does occur it likely would be greatest in the area of the original 
release sites around east central Massachusetts. This could induce a genetic structure in 
current C. concinnata populations in which heritable variation decreases away from east 
central Massachusetts. It is possible, given the high rate of establishment by this tachinid. 
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that any new strains having resolvable genetic variation that were introduced outside 
eastern Massachusetts could remain hidden even if the populations were intensively 
sampled. 
The tachinids are the largest group of the parasitic Diptera. In spite of their frequent 
use as beneficial insects for introductions, there have been no studies investigating the 
genetic variability of their populations before or after an introduction. This study provides 
new information on enzymes in the tachinid C. concinnata and their usefulness in 
determining the variability in isozyme patterns of natural populations. Products of 
structural gene loci, such as proteins, are heritable and can be examined with 
electrophoretic methods to provide estimates of genetic diversity in populations. 
Information about genetic variability in demes of this tachinid and how such heritable 
diversity influences their population structure, can be helpful in understanding their 
establishment and evolutionary biology. This study also identifies variation at enzymatic 
loci in some established populations of C. concinnata in North America that may be useful 
in understanding its population dispersal and postcolonization genetic structure. 
21 
1.6 References 
Arnaud, P. H. Jr. 1978. A host-parasite catalog of North American Tachinidae 
(Diptera). USD A, Science and Education Administration, Misc. Pub. No. 1319. 
860 pp. 
Blumenthal, E. M., R. A. Fusco, and R. C. Reardon. 1981. Parasite augmentation, 
pp. 402-408. In C. C. Doane and M. L. McManus [eds.]. The Gypsy Moth: Research 
Toward Integrated Pest Management. USD A, Forest Service, Science and Education 
Agency, Tech. Bull. 1584. 
Bourchier, R. S. 1991. Growth and development of Compsilura concinnata (Meigen) 
(Diptera: Tachinidae) parasitizing gypsy moth larvae feeding on tannin diets. Can. 
Entomol. 123:1047-1055. 
Burgess, A. F. and W. L. Baker. 1938. The gypsy and brown-tail moth and their 
control. USDA Circular 464. 
Burgess, A. F. and S. S. Crossman. 1929. Imported insect enemies of the gypsy moth 
and the brown-tail moth. USDA Tech. Bull. 86. 148 pp. 
f . ; ‘ » ).r * * j. 
Constantineanu, L, R. M. Constantineanu, and R. P. Tomescu. 1990. Observations 
on primary parasites of the defoliator Lymantria dispar L. in forests of Oltenia 
province, pp. 6-11. In Proceedings of Lucarile Symposium, "The role of 
entomophages in maintaining natural equilbrium." University of Al. I. Cuza, Ia§i, 
Romania. 
Coulson, J. R. 1981. Recent history: 1961-71, pp. 302-310 . In C. C. Doane and M. L. 
McManus [eds.]. The Gypsy Moth: Research Toward Integrated Pest Management. 
USDA, Forest Service, Science and Education Agency, Tech. Bull. 1584. 
Culliney, T. C., T. M. ODell, and V. Sanchez 1992. Larviposition of Compsilura 
concinnata (Meigen) (Diptera: Tachinidae), a parasitoid of the gypsy moth, Lymantria 
dispar (L.) (Lepidoptera, Lymantriidae). Biocon. Sci. and Techno. 2:65-67. 
Culver, J. J. 1919. A study of Compsilura concinnata, an imported tachinid parasite of 
the gypsy moth and the brown-tail moth. USDA Bull. 766. 27 pp. 
Curran, C. H. 1934. The families and genera of North American Diptera. Ballou Press, 
New York, New York. 512 pp. 
Doane, C. C. and M. L. McManus [eds.]. 1981. The Gypsy Moth: Research Toward 
Integrated Pest Management. USDA, Forest Service, Science and Education Agency, 
Tech. Bull. 1584, 757 pp. 
22 
Dowden, P. B. 1962. Parasites and predators of forest insects liberated in the United 
States through 1960. USDA Agric. Hdbk. 226. 70 pp. 
Ehler, L. 1990. Introduction strategies in biological control of insects, pp. 111-134 . In 
M. Mackauer, L. E. Ehler, and J. Roland [eds.], Critical issues in biological control. 
Intercept, Andover, UK. 
Elkinton, J. S., J. R. Gould, A. M. Liebhold, H. R. Smith and W. E. Wallner. 1989. 
Are gypsy moth populations in North America regulated at low density?, pp. 233-249 
In W. E. Wallner and K. A. McManus [technical coordinators]. Proceedings, 
Lymantriidae: A comparison of New and Old World tussock moths, USD. A, Forest 
Service, Northeastern Forest Experiment Station, General Technical Report NE-123. 
Ertle, L. 1989. Unpublished report of tachinid release records from 1969-1987 by 
USDA-ARS, Beneficial Insects Research Laboratory. USDA-ARS, BIRL, Newark, 
Delaware. 7 pp. 
Femald, C. H. 1889. Special Bulletin of the Massachusetts Agricultural College Hatch 
Experimental Station. 
Futuyma, D. J. and S. C. Peterson. 1985. Genetic variation in the use of resources by 
insects. Annu. Rev. Entomol. 30:217-238. 
Godwin, P. and T. M. ODell. 1981. Blepharipa pratensis (Meigen) (Diptera: 
Tachinidae), pp. 375-394. In C. C. Doane and M. L. McManus [eds.]. The Gypsy 
Moth: Research Toward Integrated Pest Management. USDA, Forest Service, 
Science and Education Agency, Tech. Bull. 1584. 
Gould, J. R., J. S. Elkinton and W. E. Wallner. 1990. Density-dependent suppression 
of experimentally created gypsy moth, Lymantria dispar (Lepidoptera: Lymantriidae), 
populations by natural enemies. J. Anim. Ecol. 59:213-233. 
Greathead, D. J. 1986. Parasitoids in classical biological control, pp. 290-318. In 
J. Waage and D. Greathead [eds.]. Insect parasitoids. Academic Press, New York, 
New York. 
Griffith, K. J. and F. W. Quednau. 1984. Lymantria dispar (L.) Gypsy Moth 
(Lepidoptera: Lymantridae), Chapter 54, pp. 303-310. In J. S. Kelly and M. A. 
Hulme [eds.]. Biological control programmes against insects and weeds in Canada 
1969-1980. Commonwealth Institute of Biol. Cont., Tech. Com. Ser., No. 8. 
Harrison, R. G., S. F. Wintermeyer, and T. M. ODell. 1983. Patterns of genetic 
variation within and among gypsy moth, Lymantria dispar (Lepidoptera: 
Lymantriidae), populations. Ann. Entomol. Soc. Amer. 76:652-656. 
23 
Howard, L. O. and W. F. Fiske. 1911. The importation into the United States of the 
parasites of the gypsy moth and brown-tail moth. USD A Bull. 9. 344 pp. 
Howse, G. M. 1987. Gypsy moth in Ontario. Gypsy Moth News. No. 15. 45 pp. 
Hoy, M. A. 1976. Genetic improvement of insects: fact or fantasy. Environ. Entomol. 
5:833-839. 
Kareiva, P. 1990. The spatial dimension in pest-enemy interactions, pp. 213-27. In M. 
Mackauer, L. E. Ehler and J. Roland [eds.], Critical issues in biological control. 
Intercept, Andover, UK. 
Luhman, J. 1989. Unpublished report of Orgyia leucostigma parasitism by Compsilura 
concinnata in Minnesota Minnesota Depart. Agric. 1 pp. 
McManus, M. L. 1990. Microbial pesticides, pp. 64-75. In K. W. Gottschalk, M. J. 
Twery, and S. I. Smith, [eds.]. Proceedings, U.S. Department of Agriculture 
Interagency Gypsy Moth Research Review. USD A, Northeastern Forest Experiment 
Station Gen. Tech. Rep. NE-146. 
Montgomery, M. E. and W. E. Wallner. 1988. The gypsy moth, a westward migrant, 
pp. 353-373. In A. A. Berryman [ed.]. Dynamics of Forest Insect Populations. 
Plenum, New York, New York. 
Nealis, V. G. and S. Erb. 1993. A sourcebook for management of the gypsy moth. 
Forestry Canada, Ontario Region, Great Lakes Forestry Centre, Sault Ste. Marie, 
Ontario. 48 pp. 
ODell, T. M. and V. Sanchez. 1990. Degree-day development requirements in tachinid 
parasites. Unpublished data. 
Pantel, J. 1910. Recherches sur les Dipteres a larves entomobies. Cellule 26:27-216. 
Price, P. 1980. Evolutionary biology of parasites. Princeton University Press, Princeton, 
New Jersey. 237 pp. 
Reardon, R. 1976. Parasite incidence and ecological relationships in field populations of 
gypsy moth larvae and pupae. Environ. Entomol. 5:981-987. 
Reardon, R. 1981. Gypsy moth parasite distribution program of the Animal and Plant 
Health Inspection Services, Plant Protection and Quarantine programs, pp. 355-357. 
In C. C. Doane and M. L. McManus [eds.]. The Gypsy Moth: Research Toward 
Integrated Pest Management. USD A, Forest Service, Science and Education Agency, 
Tech. Bull. 1584. 
24 
Reardon, R. 1992. Personal communication. U.S. Forest Service, Forest Pest 
Management. Morgantown, West Virginia. 
Sabrosky, C. W. and R. C. Reardon. 1976. Tachinid parasites of the gypsy moth, 
Lymantria dispar, with keys to adults and puparia. Misc. Pub. Entomol. Soc. Amer. 
Vol. 10, No. 2. 126 pp. 
Schaffner, J. V. Jr. 1927. Dispersion of Compsilura concinnata Meig. beyond the limits 
of the gipsy moth and the brown-tail moth infestation. J. Econ. Entomol. 20:725-732. 
Schaffner, J. V. Jr. 1934. Introduced parasites of the brown-tail and gypsy moths reared 
from native hosts. Ann. Entomol. Soc. Amer. 27:585-592. 
Schaffner, J. V. Jr. and C. L. Griswold. 1934. Macrolepidoptera and their parasites 
reared from field collections in the Northeastern United States. USDA Misc. Pub. 
188. 160 pp. 
Shields, K. 1976. The development of Blepharipa pratensis and its histopathological 
effects on the gypsy moth, Lymantria dispar. Ann. Entomol. Soc. Amer. 69:667-670. 
Sisojevic, P. 1979. Interactions in the host-parasite system, with special reference to the 
gypsy moth-tachinids (Lymantria dispar L.-Tachinidae), 13, pp. 108-111 .In Papers of 
the Sixth Interbalcanic Plant Protection Conference. Turkish Ministry of Food, Agric. 
and Anim. Husb., Research Section. Izmir, Turkey. 
Slatkin, M. 1987. Gene flow and the geographic structure of natural populations. 
Science 236:787-792. 
Thompson, W. R. 1910. Notes on the pupation and hibernation of tachinid parasites. J. 
Econ. Entomol. 3:283-295. 
Tothill, J. D. and L. McLaine. 1919. The recovery in Canada if the Brown Tail moth 
parasite Compsilura concinnata (Diptera: Tachinidae). Rept. Entomol. Soc. 
36:35-39. 
Tothill, J. D. 1922. The natural control of the fall webworm (Hyphantria cunea Drury) 
in Canada. Dominion of Canada, Dept. Agric. Bull. 3. 107 pp. 
Twery, M. J. 1990. Effects of defoliation by gypsy moth, pp. 27-39. In K. W. 
Gottschalk, M. J. Twery, and S. I. Smith [eds.]. Proceedings US.D.A Interagency 
Gypsy Moth Research Review 1990. USDA, FS, NEFES, Gen. Tech. Rep. NE-146. 
van Emden, F. 1.1959. Evolution of Tachinidae and their parasitism (Diptera). Proc. 
15th Int. Congr. Zool. Pp. 664-666. 
25 
Varley, C. G., G. R. Gradwell and M. P. Hassell. 1973. Insect population ecology: an 
analytical approach. Universtiy of California Press, Berkeley, California. 212 pp. 
Waage, J. K. 1990. Ecological theory and the selection of biological control agents, pp. 
135-158. In M. Mackauer, L. E. Ehler and J. Roland [eds.]. Critical issues in 
biological control. Intercept, Andover, UK. 
Webber, R. T. 1937. Laboratory propagation of Compsilura concinnata Meigen. J. 
Econ. Entomol. 30:144-9. 
Webber, R. T. and J. V. Schaffner, Jr. 1926. Host relations of Compsilura concinnata 
Meigen, an important tachinid parasite of the gypsy moth and the brown-tail moth. 
USD A Bull. 1363. 32 pp. 
Weseloh, R. M. 1982. Implications of tree microhabitat preferences of Compsilura 
concinnata (Diptera: Tachinidae) for its effectiveness as a gypsy moth parasitoid. 
Can. Entomol. 114:617-622. 
Weseloh, R. M. 1984. Effect of size, stress and ligation of gypsy moth (Lepidoptera: 
Lymantriidae) larvae on development of the tachinid parasite Compsilura concinnata 
Meigen (Diptera: Tachinidae). Ann. Entomol. Soc. Amer. 77:423-428. 
26 
CHAPTER 2 
POPULATION GENETICS AND THE USE OF ELECTROPHORETIC 
ANALYSIS STUDIES 
2.1 Introduction 
Population genetics provides a basis for understanding and interpreting how the 
heritable variability observed in certain field and laboratory experiments with parasitoids 
influences their populations genetic structure. The patterns and processes in the population 
genetics of introduced species may reflect the gene flow and the potential differentiation of 
adaptive traits among populations (Pashley 1993). Approaches to study insect 
introductions for biological control have focused on the quantitative aspects of the 
abundance and distribution of these exotic species (Hassell and Waage 1984). A few 
studies have centered on attempting to understand how introduced species establish, 
expand, and evolve (Price 1980). 
Quantitative genetic evaluations of the life histories of certain insects have found 
intraspecific differences associated with particular geographic strains that may be classified 
as biological types (Diehl and Bush 1984). Within a species, populations that vary in some 
biologically significant and heritable character are considered biotypes. Limiting this 
variability to heritable characters is important because not all variation is genetic and can 
reflect environmental effects from phenotypic plasticity. This distinction is important 
because only heritable traits acted on by selection are of evolutionary significance. In the 
central and western United States differences in life history characters of certain exotic 
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natural enemies released against insect crop pests depend on the geographic source of the 
natural enemies. The maximum efficacies of these biological types may vary under 
particular climates (Hopper et al. 1993). The effects of laboratory propagation on insects 
released as biological controls are of practical interest, but no studies have used molecular 
markers to investigate the genetic structure of introduced parasitoids of forest insects 
(Berry 1989). 
2.2 Population Genetics Studies 
Studies with the walnut aphid, Chromaphis juglcmdicola (Kaltenbach), found that a 
French strain of the braconid parasite Trioxys pallidus (Haliday) established in moist 
coastal areas of California, while an Iranian strain established in the drier inland areas (van 
den Bosch et al. 1979). These introductions demonstrate how new biotypes with diverse 
geographic adaptabilities influence establishment and thereby potential success as 
biological controls. The establishment of new insects and their identification based on life 
history traits reflecting climatic characters is not always possible. Most work on the 
molecular population genetics of Diptera has been with herbivorous flies of economic 
importance in the Tephritidae (Berlocher 1980, Beverly and Wilson 1984) and 
Drosophilidae (Powell 1975), and with the hematophagous flies of medical importance in 
the Culicidae (Urbanelli et al. 1985, Tabachnick 1991). Combining the characters 
regarding specialization on particular host plants and biochemical differences, insect host 
races have been identified. Berlocher (1989) with the apple maggot fly, Rhagoletis 
pomonella (Walsh), and Unruh et al. (1987) with the seed head thistle weevil, Rhinocyllus 
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conicus Froelich, have each suggested that their respective species represent a complex of 
host races based on differences in host specificity. 
The influences of genetic diversity on parasitoid establishment are important for 
understanding colonization on theoretical grounds, although it is not clear how to measure 
these factors or how to evaluate the overall success of an introduction program (Hoy 
1976, Mackauer 1976). Early evaluative programs with beneficial insects were designed 
as collection expeditions abroad and investigations for undesirable characters, such as the 
propensity to attack desirable nontarget species, and ability to survive the new climate. 
Soon after these basic studies, a given species might be selected as a candidate to further 
collect and, if possible, mass culture for future release. Studies of tachinids in nearctic 
and palearctic forest ecosystems have been limited to numerical analyses in populations 
monitored over different temporal and spatial scales (Barbosa et al. 1975, Sisojevic 
1979), and have not contributed to our knowledge of the fly’s population genetics. 
Studies that clearly correlate heritable characters with successful biological control by 
introduced beneficial insects are not found readily in the literature. Gray (1986) found no 
clear evidence of such a direct relationship between genetic variation and successful 
colonization. 
The few studies relating genetic variability to biological control focus on two broad 
categories of prey-host associations: insect-plant and insect-insect interactions. The lack 
of success in some introduction programs has not increased the consensus about what 
characters of genetic variability are important to measure for assessing the success of a 
biocontrol program (Roush 1990). Although genetic variation in the Hymenoptera is 
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considered depauparate because of its haplo-diploid mating system (Crozier 1977), as 
biological controls in agricultural systems, parasitic wasps hold the premier position for 
insect-insect associations (Unruh et al. 1986). In the Coleoptera, many of the associations 
important for biological control center on their role as herbivores. The genetic variabilty 
of host preference is a taxonomic character used for identifying beneficial weevil 
populations for thistle control and for studying their spread across the host's range (Unruh 
and Goeden 1987). Most population genetic studies with Diptera have centered on 
insect-plant interactions (Berlocher et al. 1993) and insect-vertebrate associations, 
especially those important as vectors of human disease (Munsterman 1994), but none 
with species of interest as biological controls. 
The drosophilids (Ashbumer et al. 1982) and tephritids (Berlocher 1980) have been 
surveyed extensively and account for most of the work in dipteran molecular population 
genetics; there have been no such studies with the endoparasitic families. The lack of 
baseline information about the population genetic structure of tachinids makes it difficult 
to understand the evolutionary relationships they have developed with their hosts. Genetic 
methods to examine hidden variation, particularly with enzyme electrophoretic tools, can 
provide insight about a population's genetic structure. Through analyses of structural 
proteins, these methods provide large scale molecular data not unlike quantitative genetics 
provides from analyses of polygenic characters. However, each methodology has an 
appropriateness based on the quality of genetic information sought. Enzymatic methods in 
molecular population genetics reflect sampling over relatively large stretches of nucleic 
acid sequences (Moritz and 1990), while quantitative genetic techniques provide no such 
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data. Inferences about the population genetic structure of any organism must be done 
with caution and ideally not rely solely on any single class of genetic marker (Karl and 
Avise 1992). The lack of reference information on tachinid genetics limits predictions 
about the relationship between a population's geographical source and its potential for 
establishment. 
Studies on the extent and pattern of heritable variation in the Diptera have focused on 
phytophagous species. Population genetic analyses of enzyme variants in Drosophila have 
provided much of the experimental material for understanding evolutionary biology 
(Powell 1975, Lewontin 1985, Singh 1992). These qualitative methods enabled the 
extensive study of host shift in the tephritid R. pomonella, which suggests that the 
development of new host associations is an important isolating mechanism fostering the 
evolution of new species in relative sympatry (Berlocher 1980, Bush and Diehl 1982). 
The effect of population bottlenecks in the face fly Musca autumnalis De Geer were 
reduced genetic variation, which reflected the lower levels of single gene variability 
observed within introduced populations as compared with endemic populations (Bryant et 
al. 1981). 
2.3 Electrophoretic Analysis Studies 
The study of population genetics can be facilitated using biochemical markers in a 
variety of molecular methods (Nei 1987). Protein electrophoresis is the method with the 
longest history of contributions to studies of population evolution. By providing 
information about evolutionary processes affecting the genetic structure of populations, 
this method has helped provide more detailed ecological information about demes. 
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e.g.,estimates of population size and identification of breeding groups, than have 
capture-recapture or other traditional sampling techniques (Berry 1989). Enzyme 
electrophoresis has also had documented success in the areas of taxonomy and 
phylogenetic reconstruction, and in describing patterns and processes of population 
structure. Studies with Drosophila spp. (Ayala et. al 1974, Sean and Carson 1977, Ayala 
1984), R. pomonella (Diehl and Bush 1984) and the brown planthopper, Nilaparvata 
lugens (Stal) (Wilson and Claridge 1985, and Claridge and Morgan 1987) provide 
examples of species in which electrophoretic markers have been associated with characters 
of increased fitness. Through the application of enzyme electrophoretic studies, we may 
investigate how the genetic structure of a population changes in response to its 
environment, and identify biochemical markers of biological types and their populations. 
The hypothesis that enzyme electrophoresis detects = 28-30% of the variation in 
proteins was based on the a priori assumption that only charge substitutions were 
detectable (Ohta and Kimura 1973). However, sequential methods of gel electrophoresis 
can detect = 85-90% of all substitutions, both by charge and size, in a sample of proteins 
whose amino acid sequence are known (Ramshaw et al. 1979, Lewontin 1985). 
Electrophoretic methods can also identify variant enzymes useful as biochemical markers 
of populations. Kreitman (1983), sequencing genes of known Adh enzymes, found gel 
electrophoresis could detect many of the differences within the coding regions of the 
locus. 
Protein gel electrophoresis, however, fails to distinguish nongenetic isozymes that are 
post-translation modifications from those expressed by allelic variation at a locus, nor do 
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they identify the lineage of an allele shared by both parents (Harris and Hopkinson 1976). 
For the patterns to have evolutionary significance, the variation must be heritable. Most 
enzymes are gene products and their electromorph patterns are presumed heritable. For 
each new species surveyed with gel electrophoresis, however, breeding studies are critical 
for investigating the inheritance of their isozymes so that forms which are 
post-translational products and not genetic variants can be identified. With these allelic 
enzyme variants, collectively known as allozymes, estimates of gene flow and differential 
survival can then be made within and between populations. 
The focus of this study is to analyze the genetic structure of Compsilura concinnata 
(Meigen) populations as measured from allelic enzyme patterns. Enzyme electrophoresis 
provides the tools for obtaining baseline information about the isozyme patterns in this 
tachinid. Although, the genetics of allozymes may be inferred from their patterns, it is 
critical that their genetic basis be determined through analyses using observed matings. 
Toward this goal, controlled matings of C. concinnata from selected laboratory strains 
will be evaluated electrophoretically to determine the inheritance patterns in a large sample 
of their enzymatic loci. 
Understanding the genetic patterns of allozymes requires information about genotypic 
frequencies and how the loci sampled may be related to each other. Laboratory strains 
provide material that, although the strains may be fixed for certain alleles, nonetheless can 
be useful in understanding the levels of variability to be expected in field populations. 
Consequently, the distribution of phenotypes found with heritable patterns will be 
evaluated in subpopulations from different generations of laboratory strains of 
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C. concinnata. The information accumulated from these laboratory studies will then be 
applied toward understanding the genetic structure of C. concinnata from field 
populations from the Northeastern United States. 
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CHAPTER 3 
ISOZYMIC PATTERNS FROM ELECTROPHORETIC STUDIES 
IN A LABORATORY POPULATION OF 
THE TACHINID COMPSILURA CONCINNATA 
3.1 Introduction 
The analysis of isozyme patterns can be a useful indirect method for investigating the 
movement of Compsilura concinnata (Meigen) populations. These analyses assist in the 
determination of variability within and between this tachinid’s populations. Enzyme 
electrophoresis in particular is a relatively rapid method for obtaining isozymic patterns 
and can provide information on the genetic structure of populations and individuals. With 
this knowledge it becomes possible to make inferences and comparisons about the genetic 
structure within and between geographic populations of C. concinnata. 
Enzymatic proteins can be products of structural genes and can take different forms. 
Using electrochemically different charged gel-buffer systems, proteins may be separated 
into variants of differential mobilities (Harris and Hopkinson 1976). Enzymes are 
characterized by the specific substrates on which they act and can be visualized with 
substrate specific stains linking the yield of a catalytic product to the formation of a 
colored or fluorescent precipitate at the site of activity on the gel. The relative position of 
these isozymes and their banding patterns are diagnostic of the putative alleles which code 
for the particular enzyme being evaluated. To develop the use of electrophoresis with C. 
concinnata, it is necessary to resolve the patterns and frequency of isozyme phenotypes. 
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The electromorph patterns in structural proteins of a laboratory population of 
C. concinnata were obtained by screening 47 enzymes using 4 different electrophoretic 
systems (Appendix A. 1). That analysis provided information on which gel-buffer systems 
produced the optimal resolution for each enzyme and yielded 37 proteins potentially useful 
for further analyses. In this analysis soluble proteins of C. concinnata were 
electrophoresed and stained for 38 putative enzymatic loci, which provided baseline 
information on genetic variability needed to evaluate field collected populations collected 
and established in the Northeast 
3.2 Materials and Methods 
3.2.1 Laboratory Culture of C concinnata 
Adult C. concinnata were sampled from laboratory colonies at various generations in 
their rearing. The largest strain of flies (Populations 1-5) were founded by adults reared 
from late instar Lymantria dispar L. collected in 1987 in the Quabbin watershed near 
Belchertown in central Massachusetts. Populations 6 and 7 were from a laboratory strain 
founded with adults reared from L. dispar hosts collected in late summer of 1993 in 
Lansing, Michigan, and Pop. 8 was of adults reared from similar hosts collected at the 
same season in Hamden, Connecticut. The flies from Pop. 1-5 were sampled for 
electrophoresis from the colony at each rearing cycle among the 28-35 generations in 
culture, and as such represented a random sampling of the laboratory generation. Adults 
from the Michigan population were from the 4th (Pop 6.) and 5th (Pop. 7) generations of 
culture when sampled. The last population (Pop. 8) from Connecticut had been in culture 
4 generations when sampled. 
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3.2.1.1 Adult Maintenance and Care 
Adult flies were kept in screened cages (30.5 cm x 45.7 cm x 30.5 cm) with cloth 
sleeved openings, and whose floors were covered with butchers paper. Water was 
provided by a paper towel wick held with Parafilm® in a 100 ml Erlenmeyer flask, and 
food was provided by two honey-saturated 9 cm filter paper disks placed at opposite ends 
of the cage. 
Newly emerged adults were kept near a source of diffuse light from an outside 
window and during this time pairs readily mated. The females and males were kept 4-6 
days without hosts to permit further matings and maturation of fertilized embryos. This 
tachinid is one of the few released against L. dispar that inserts fully mature eggs into then- 
hosts (Schaffher 1934). The larvae hatch quickly and move rapidly into the space of the 
host midgut between the gut epithelium and peritrophic membrane where they feed for the 
duration of the first instar (Tothill 1922). 
The sex ratio in laboratory populations of C. concinnata is =1:1, although there is 
protandrous emergence. Flies were introduced into the cage as they emerged, and so it 
contained adults of different ages. Colonies were kept to an average of 150-200 flies and 
well mixed in age groups which increased random mating and minimized inbreeding effects 
(McKauer et al. 1990). 
3.2.1.2 Host Exposure 
After the flies maturation period, 2-day-old 4th instar gypsy moth caterpillars were 
provided as hosts in the cage. These were presented in a 0.18 1 plastic disposable cup 
(=20-40 larvae/cup) containing 60 ml of gypsy moth diet (ODell et al. 1985). The host 
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cups were placed into the cage opened, thereby directly exposing them to the parasitoids. 
For a female to host density of = 1:4, six containers provided 60 females with hosts for 2 
days. At the end of an exposure period, the host cups with all remaining larvae, the food 
and water bottle, and paper liner were removed from the cage. To avoid injuring the flies 
during handling, the adults were left in the cage while it was cleared. The cage was then 
refitted with a new liner, fresh honey disks and water bottle. To insure an adequate 
number of progeny for the next generation, new hosts were parasitized in each of 4 to 5 
consecutive events of 48 hours duration. After the full set of exposures, the cage was 
emptied and vacuumed, then wiped clean with a 1% benzyl ammonium chloride 
disinfectant. 
Flies were removed from the cages using the following system. In the bottom of a 
fresh 0.47 1 cardboard container with clear lid, two holes were cut each large enough to 
accommodate a 4 mm OD hose. In one hole the screened end of a hose was placed whose 
other end is connected to an in-house vacuum system. In the other hole was placed 
another tube through which adults were suctioned from the cage. Injury to the flies was 
eliminated by adjusting the suction valve to reduce vacuum pressure. 
3.2.1.3 Host and Parasitoid Rearing 
After a host exposure, the caterpillars were removed from the cage, and placed in 
groups of 8 into fresh 0.18 1 plastic cups containing 40 ml of host diet and closed with a 
fitted cardboard lid. The cups were labeled and put in an environmental chamber set at 
25°C, 60% relative humidity with a 16:8 LD. In this environmental regime, infected hosts 
began dying about 6-8 days post-parasitization. Peak larval parasitoid emergence 
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occurred =10 days after exposure and all the puparia were harvested from the cups on 
day 12. These puparia were placed by parasitization group on a 9 cm petri dish lined with 
filter paper. This dish was taped to the bottom of a 0.47 1 cardboard cup which had a hole 
( = 0.6 cm dia.) cut in its bottom. The emergence cup was closed with a labeled clear 
plastic lid whose inside face was streaked with honey and placed in the host rearing 
chamber. 
These flies are positively phototropic and about 8-11 days later emerged into the 
0.47 1 cup through the hole in the bottom. Before the adults were released into the cage 
they were counted. The entire unit was placed in the cage and the petri dish was removed 
from under the cup and adults in it were counted and released. The dish was removed, 
and adults in the 0.47 1 container were released into the cage. The petri dish was 
reattached under the cup, the total tallies and date were recorded on the lid, and the unit 
was returned to the rearing chamber. The total time for a generation to complete a cycle 
from adult to adult under this system is =21 days (Sanchez , unpublished data). Flies 
kept in this fashion form discrete generations with only one stage present, but the scheme 
can be run for continuous colonies. 
3.2.1.4 Record keeping 
All temporal information was recorded as Julian calendar dates. The production 
records used the first and last dates hosts were exposed to flies as an identification label. 
The data collected included the number of 0.181 cups obtained after exposure, and the 
number of puparia harvested per cup by harvest group. The number of adults emerging in 
each of the labeled 0.471 cups was recorded on a daily basis. 
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3.2.2 Methods of Enzyme Electrophoresis 
The storage methods employed have been found to preserve the most enzyme activity 
and produce the least modification products. Electrophoretic methods followed 
conventional methods for horizontal starch gels developed at the Cornell Laboratory of 
Evolutionary and Ecological Genetics (May 1992) with minor modifications. 
3.2.2.1 Specimen Handling 
The C. concinnata adults in the colonies were sampled 3-5 days after emerging to 
permit physiological maturation which enhances resolution of the enzymes. Flies were 
prepared for ultracold storage at -70°C until electrophoresis by briefly holding the adults at 
-20°C until immobile, and immediately immersing them singly in liquid nitrogen filled 1.8 
& 
ml cryotubes. 
3.2.2.2 Electrophoresis 
To insure optimal enzyme resolution, samples were run through a battery of 4 
gel-buffer systems. Adult C. concinnata were homogenized individually in a 200 u\ of 
0.05 M Tris extraction buffer (pH 7.1) and transferred to the gels in Schuller paper wicks 
(Norfolk Paper Products). 
In all the recipes, given that an enzyme’s activity is optimum at its pka values, an 
important aspect was maintaining the proper pH in all buffers and gels. Although the 
buffer and stain recipes provide Molar quantities for the major components, those 
materials constituting the buffering compounds of the recipe necessitated using a pH meter 
during the final preparation to insure the pH level. 
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With the exception of the coupled enzymes and the formazan producing compounds 
Methosulfate (MTT) and Phenazine sulfate (PMS), most of the other materials called for 
in a recipe were prepared before staining. The buffer for the peptidase stain was not 
combined until just prior to staining as the substrates degrade rapidly. The MTT and PMS 
solutions were not added until just prior to staining because of their sensitivity to light. 
The TPI substrate was made from a ketal precursor passed through an ion exchange resin 
for the removal of a metal ion, and hydrolyzed in a 4 hr incubation. 
The electromorphs were visualized with histochemical methods linking the catalysis 
of a substrate by a target enzyme with a change in the solubility of an associated dye. In 
this analysis 34 enzyme systems were electrophoresised with 4 different buffer systems 
(Table 3.1). Two systems were discontinuous types (R, 4) and the other two systems 
were continuous types (C, M) using dilutions of the tray buffers for the gels (May 1992). 
The enzyme systems used in these screenings are important in metabolic pathways. The 
putative allelic frequencies for these 34 systems provided estimates for at least this many 
phenotypes. 
All the stain ingredients were mixed with an agar solution with the exception of the 
fluorescent formulations, LAP and ACP enzyme systems. After electrophoresis the gels 
were sliced along their depth to make duplicate sections, then single sheets were placed 
separately on labeled glass plates. The gel plates were framed with Plexiglas strips. These 
modified procedure contained the stain about the slices and helped obtain an even level to 
the agar overlay essential for consistently resolving the enzymes. The recipes prepared as 
agar-overlays were made up as = 30 ml volumes of stain and brought to a total = 50 ml 
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with the 2% agar solution. The agar was kept in solution at 40°C, and just before use 
added slowly to the stain while stirring with a clean glass rod. The agar-stain was allowed 
to cool briefly, then slowly poured onto the framed gel, and after the agar solidified the 
frame was removed. 
Fluorescent stain substrates were poured onto filter paper placed on the gel and left 
= 15-20 seconds. This modified procedure minimized generalized fluorescence from 
undissolved substrate remaining on the gel that interfered with enzyme resolution. 
Fluorescent gels were monitored closely since their optimum window of resolution 
occurred within 10-20 minutes. 
The gels were covered with a sheet of Saran Wrap to minimize drying, kept in dark 
and all with the exception of fluorescents, were placed in a dark incubation chamber at 
30°G Gels were checked regularly and scored when precipitation of the formazan 
complex was maximized. Fluorescent preparations were checked frequently on a UV 
table and scored when fluorescence had peaked at the site of the electromorph. 
When staining had peaked, the gel was placed on a light table for scoring and 
photography. Gels were scored by measuring the center of the isozyme to the origin at 
which the wicks were placed. Calibration precision between the photographic record and 
the distances scored for the isozyme phenotypes was possible within a gel by using an id 
label with a 1 cm marker. The distance of phenotypes from the origin in systems with 
faint resolution was immediately recorded with micrometer calipers. Isozyme patterns 
were scored using the simplest putative genetic interpretation for a particular pattern. The 
nomenclature for the putative genotypes used the abbreviation for the enzyme locus 
47 
(italicized) followed by the putative locus (if multiple loci) and a sequential number for 
alleles (with the most common being 1) within parenthesis, e.g.. MDH-1( 1,1). 
3.2.2.3 Estimating Putative Alleles 
The electromorphs with genetically interpretable patterns were presumed to reflect 
allelic differences at a locus. Assuming isozymic variability is a product of co-dominant 
characters, from the number of phenotypes observed, the frequencies of putative alleles 
were calculated for each polymorphic enzyme pattern. The frequencies were evaluated for 
their conformity to Hardy-Weinberg Equilibrium (HWE) expectations for random mating. 
The frequencies were used in estimating the genetic diversity or levels of heterozygosity 
for the populations (Nei 1987). 
For enzymes with a frequency of x(i) < 0.97 in its most common putative allele, the 
average percent polymorphism per enzyme (P) was calculated as: 
P = Jit p{i) 
1=1 
where N is the total number of enzymes and p(i) = 1 for each polymorphic locus. Given 
the arbitrary quality of P, the heterozygosities for the population were also calculated. 
The observed heterozygosity was calculated as the average heterozygosity over all loci. 
The unbiased heterozygosity [h J at a locus is an estimate of average gene diversity and 
was calculated as: 
h + (2 n - 1) 
where x(i) was the estimate for the allele frequency x(i). This measure was then used to 
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obtain the average heterozygosity \h]per individual across all loci as: 
7=1 
and was used as an estimate of the total gene diversity . These measures of population 
diversity and their variances, and F statistics for measures of inbreeding and population 
comparisons were calculated with the Genes in Populations software package (May et al. 
1992). 
3.3 Results 
The evaluation of 34 enzyme systems revealed 31 systems resolving for 37 
isozymes because 5 electromorphs were sufficiently diverse to be classified as isozymes 
(Table 3.1). In this survey, 3 of the enzymes evaluated had invariant electromorphs with 
different mobilities, suggesting systems coding for the same enzyme at different 
presumptive loci. These enzymes contributed 6 additional putative loci to the total 
number of systems resolved for this tachinid (Table 3.1). The gel-buffer systems provided 
most resolution for the enzymes: AAT, AK, EST-1, EST-2, FUM, GK, a-GLU, GPI, HA, 
IDH, a-MAN, ME, MPI, MUP, PGM. Different electromorph patterns were observed in 
the EST-1, EST-2, FUM, GPI, a-GLU, a-MAN, MDH-1, MPI, PGM enzyme systems. 
In 28 of the enzyme systems 32 putative loci were found with invariant patterns while 
3 of the systems could not be resolved. Duplicity of expression for a particular enzyme 
occurred on gels staining for different enzymes. In 3 pairs of systems electromorphs were 
found that appeared in both staining systems. Consequently the enzyme was named for 
the system in which it appeared consistently with the strongest expression. These were: 
ACP = AAT, ALD = FBP and ME = one electromorph in MPI. In combination with 
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some of the remaining isozymes which exhibited inconsistency in their visualization (Total 
Res. = 0 in Table 3.1), 35 enzyme systems were resolved in this analysis. 
The electrophoretic patterns resolved in this analysis were of one of three patterns: 
one invariant electromorph with similar migration distance, multiple isozymes with 
different migrations, and multiple isozymes with similarity in 1 or more multiple bands. 
Enzyme systems with invariant banging patterns were scored as monomorphic (Figure 3.1) 
and composed the majority of the patterns observed. Some of the enzymes contained 
multiple electromorphs that migrated large distances on the gel. These patterns suggested 
that their isoenzymes either were coded by multiple loci or were post-translational 
products and hence nongenetic. The enzymes MPI, MDH and DIA were exemplary in 
having such multiple phenotypic and artificial patterns of expression (Figure 3.2). The 
enzyme MPI demonstrated duplicate expressivity with the strongly staining ME system. 
In this system, the additional post-translational electromorphs were not scored on the 
MPI gel. 
The MDH system is characteristic of isoenzymes coded by different loci sufficiently 
differentially charged to affect their migration from the origin in different directions. In 
other species this is believed to result from the differential storage sites of this enzyme. 
The cationic form of MDH is stored in the mitochondria while the anionic form occurs 
intracellularly but outside those organelles (Harris and Hopkinson 1976). 
The putative allele frequencies were calculated separately for the females and males 
within each of the 8 populations, but were pooled after no systematic differences between 
them was found within populations (Table 3.2). A qualitative comparison of the 
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Figure 3.1 Monomorphic isozyme pattern in a laboratory 
strain of the tachinid Compsilura concinnata for the enzyme 
phosphoglucomutase. 
Figure 3.2 Electromorph patterns gel stained for diaphorase 
(DIA) in the parasitoid Compsilura concinnata with numerous 
not-DIA isoenzymes ( e. g. boxed areas). 
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Table 3.2. Measures of diversity in putative genotype frequencies from isozyme 
patterns of C concinnata reared in the laboratory. 
Population Polymorphic% Ho+se Hjjise Hlp+se N 
1 0.150 0.068+0.038 0.062+0.034 0.068+0.037 20 
2 0.136 0.095 ±0.053 0.064+0.035 0.064+0.035 40 
3 0.150 0.090+0.056 0.072+0.039 0.072+0.040 20 
4 0.200 0.171+0.081 0.104+0.047 0.104+0.047 20 
5 0.125 0.097+0.051 0.066+0.032 0.062+0.032 20 
6 0.158 0.064 + 0.048 0.046+0.034 0.046+0.030 18 
7 0.160 0.060 + 0.037 0.045+0.024 0.052+0.027 20 
8 0.174 0.094+0.060 0.067±0.034 0.067+0.034 20 
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Heterozygosity observed (B0), calculated from the observed phenotypes, appeared to 
deviate from the Heterozygosity expected (Bs) under HWE for each subpopulation. The 
frequencies when pooled by sex, in addition to not changing the patterns, increased the 
sample size and produced less biased and lower estimates of diversity. 
Enzymatic proteins can have a quaternary structure consisting of multiple subunits 
which makeup the active molecule. Multimeric enzymes contain two or more subunits. 
Their nomenclature describes the number of subunits composing the protein. The subunit 
structure of enzymes with invariant patterns cannot be determined solely through 
horizontal starch gel electrophoresis. The number of subunits in the enzymes screened 
was determined by examination of the variant patterns and their comparison to known 
systems in other organisms. Fumarase provided clear phenotypic patterns that were 
readily interpretable and from which putative allelic constitutions were surmised (Figure 
3.3). In the FUM system, individuals were observed exhibiting only one of three 
electrophoretic patterns, i.e. each homozygous phenotype had only one electromorph, 
while heterozygotes had 5 phenotypes. This suggests that in this tachinid Fumarase is 
tetrameric or composed of four protein subunits. 
The estimates of polymorphism, and the observed and estimated heterozygosities 
calculated from the isozyme patterns, were moderately low compared to estimates for 
other Diptera for 5 of the loci with differing putative gene frequencies (Table 3.3). The 
occasionally large differences between Bs under HWE and B0, indicates polymorphic loci 
were biased toward heterozygotes. 
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Figure 3.3 Polymorphism of the enzyme Fumarse in Compsilura 
concinnata, exhibiting characteristically narrow patterns (e.g. 1 & 8) 
of homozygous individuals and broad patterns of heterozygotes (e.g. 
10). 
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Table 3.3 Gene frequencies and measures of diversity in five putative allozymes of 
C concinnata from different populations in culture 
Enzyme 
Locus 
Populations Allele 
Frequencies3 
1 2 
F* N 
Est 1 0.438 0.563 0.375 0.492 0.238 16 
5 0.500 0.500 1.000b 0.500 
-1.000 20 
7 0.714 0.286 0.286 0.408 0.300 14 
Mdh-1 4 0.500 0.500 1.000" 0.500 
-1.000 20 
6 0.944 0.056 0.111 0.105 -0.059 18 
7 0.925 0.075 0.150 0.139 -0.081 20 
8 0.950 0.050 0.100 0.095 -0.053 20 
Ha 2 0.514 0.486 0.811" 0.500 -0.623 37 
3 0.513 0.488 0.975" 0.500 -0.951 40 
4 0.500 0.500 1.000" 0.500 -1.000 20 
6 0.472 0.528 0.833" 0.498 -0.672 18 
8 0.675 0.325 0.050" 0.439 0.886 20 
Mpi 1 0.600 0.400 0.600 0.480 -0.250 20 
2 0.575 0.425 0.750" 0.489 -0.535 40 
3 0.338 0.663 0.575 0.447 -0.286 40 
4 0.583 0.417 0.611 0.486 -0.257 18 
5 0.675 0.325 0.650" 0.439 -0.481 20 
7 0.475 0.525 0.850" 0.499 -0.704 20 
8 0.500 0.500 1.000" 0.500 -1.000 20 
Fum 1 0.250 0.751 0.389 0.375 -0.037 18 
2 0.700 0.300 0.500 0.420 -0.190 40 
3 0.471 0.529 0.314" 0.498 0.369 35 
4 0.575 0.425 0.650 0.489 -0.330 20 
5 0.525 0.475 0.750" 0.499 -0.504 20 
6 0.156 0.844 0.063 0.264 0.763 16 
7 0.132 0.868 0.158 0.229 0.309 19 
8 0.500 0.500 1.000" 0.500 -1.000 16 
* The number of alleles at these loci was based on the simplest interpretation of isozyme 
patterns observed. 
b The observed heterozgosities (Hc) deviate significantly from those expected (Hs) under 
HWE. 
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The overall polymorphism was calculated as the number of staining systems 
polymorphic over all the isozymes resolved and was in the range of between 
0.161-0.13 5%. Although the variability in these populations was low, baseline data on 
isozyme patterns was gathered for one large and two small subpopulations. 
3.4 Discussion 
In this laboratory strain there was no outbreeding. Although heterozygosity was low, 
the variability at each putative polymorphic allozyme was high and because of the 
sampling regime may have been due to chance. Investigating the variability in C. 
concinnata populations was nonetheless possible using isozymes as biochemical markers. 
In fact, the occurrence of invariant loci is expected in laboratory populations and provide 
strong markers useful as internal controls. 
The electromorph profiles observed here suggest that some of the variability is 
genetic, but does not explicitly identify them as allozymes. The extent of variation as 
measured by the estimate of heterozygosity in this study was about 1/2 that in other 
Diptera (Drosophila spp. U = 0.150), and near the level of haploid parthenogenic wasps 
(R = 0.062) (Nevo 1978). These being laboratory populations, it is not surprising that 
fixation occurred at some loci, through either strong selective pressure in the laboratory or 
drift, although the 2 years these C. concinnata strains have been in culture does not seem 
long enough for differentiation due to drift (Roush 1990). Of course an initial severe 
bottleneck occurring when the flies were collected during early introduction attempts 
(Culver 1919, Chapter 1) and during sampling for this study, would also reduce the pool 
of genes present in the strains (Nei 1987). 
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Generally, the variability at an enzyme coding locus is expected to decrease as the 
number of subunits in the protein increases (Zouros 1976). This trend is hypothesized to 
be the result of constraints placed on more complex enzymes such that small changes in 
certain protein domains could eliminate the functionality of the molecule. Neutral or 
nearly neutral mutations are not as readily visible with most standard methods of enzyme 
electrophoresis because those kinds of changes are usually in less constrained regions 
outside the functional domains of the protein (Krietman 1983). In this colony, the 
substructure for each enzyme was confirmed from the electromorph patterns but, as their 
complexity increased, the putative gene diversity estimates did not decrease. To confirm 
the identity of observed phenotypes as arising from inferred genotypes, observed mating 
experiments with C. concinnata are needed to establish which patterns breed true. More 
importantly, controlled mating studies are needed to establish the genetic nature of these 
characters and affirm the subunit structure of the variable enzymes in this study. It is 
important then to undertake this process to eliminate the doubt that these patterns are not 
suitable genetic markers for C. concinnata. 
Enzyme electrophoresis is a molecular approach to population genetics. The 
biochemical analysis of introduced populations, particularly those used in biological 
control, is an indirect method of gathering information about their post-colonization 
genetics. Three factors that have clearly been related to the level of heterozygosity in 
species are: 1) protein quaternary structure; 2) protein molecular weights; and 3) 
population size. Characterizing the genetic diversity of introduced entomophagous insects 
is crucial to identify the range over which interbreeding between populations can occur 
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(Roderick 1992). Identifying such demes, particularly of introduced biological controls, 
likewise identifies through the genetic structure of the population, the probable source 
population. This can also provide information on heritable characters for tagging demes 
as they move throughout their new range. Mechanisms important in the adaptation and 
establishment of organisms have been found in a few species to be correlated with single 
locus variability (Nevo 1983). The genetic variability of introduced parasitoids, based on 
these genetic markers, may then be used in selecting new strains that are identifiably 
different from established populations.. 
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CHAPTER 4 
IDENTIFICATION OF PATTERNS OF INHERITANCE IN PUTATIVE 
ALLOZYMES RESOLVED FROM COMPSILURA CONCINNATA 
4.1 Introduction 
The genetic structure, population diversity, and phenotypic expression of beneficial 
characters of insects used as biological controls, and the enhancement of these characters, 
are considered of primary importance to the establishment and efficacy of such natural 
enemies (Hoy 1976, Ehler 1990). Although the characteristics that maximize the 
establishment and efficacy of biological controls are unknown, there is little doubt of the 
importance in maintaining a measure of genetic diversity within these natural enemies 
similar to their native populations (Mackauer 1976). Understanding the role of biological 
controls, such as the tachinid Compsilura concinnata (Meigen), in maintaining host insect 
populations at low density requires knowledge about the population structure of these 
beneficial organisms. 
Although C. concinnata seems incapable of an adequate numerical increase in 
responding to medium to high density Lymantria dispar (L.) populations (Reardon 1976), 
this tachinid appears to be important in responding to and maintaining low host densities 
(Sisojevic 1975, Elkinton et al. 1990, Gould et al. 1990, Skinner et al. 1993, Ferguson 
1994). Boethel and Eikenbary (1986) suggest, however, that the differences in parasitism 
observed between parasitoid populations of various host densities may be affected by the 
quality of foliage available to a host. An investigation of multi-trophic level interactions. 
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using L. dispar caterpillars reared on diet with varying tannin concentrations and 
parasitized with C. concinnata, produced adult flies whose size did not appear influenced 
by the differing quality of larger hosts because constraints on maggot resources in larger 
hosts are relaxed and may not be directly influenced by these biological factors (Bourchier 
1991). These qualitative differences in hosts did not appear to influence the fly's survival 
unless the host died prematurely. In the laboratory, hosts dying as early as 3 days after 
parasitism yield maggots that pupariate and form adults, although these are smaller than 
full term cohorts (Sanchez, unpublished observations). 
The relatively low host acceptance threshold of this tachinid seems to extend beyond 
differences in host quality from dietary differences and can include differences due to host 
illness. In studies investigating the movement of microbials in forests with L. dispar 
infected with Microsporidia sp., > 70% of the caterpillars released were parasitized by C. 
concinnata (M. McManus and L. Bauer personal communication) which is significant 
considering these infected hosts appear of low quality. Potential differences among 
caterpillars from disease induced stress were probably not the only factor affecting the 
quality of these hosts, one forest stand with significant parasitism was in a slowly drained 
stand of stressed trees which Bess et al. (1947) might consider a typical poor site with 
species of low nutritional quality (e.g. maple, swamp oak) for L. dispar. 
There is no information on how the genetic structure of C. concinnata their 
populations in areas with various host densities. Electrophoretic studies on the genetic 
structure of forest insects have focused on pest species (May et al. 1977, Stock and 
Guenther 1979, Harrison et al. 1983, Phillips and Lanier 1985) and not on their 
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parasitoids. Information on the natural genetic structure of such specialized parasites (e g., 
a developing maggot consumes and kills one host) like these parasitoid populations, and 
how this structure varies with host populations, can be useful toward understanding their 
role in biological control. The accuracy of predictions about the size and distribution of 
forest defoliating insect populations also have been enhanced using information about how 
the population genetic structure of their natural enemies affects host parasitism and 
climatic adaptability (Pschom-Walcher 1977). 
Variation in the allelic forms of enzymes called allozymes in most organisms follow 
patterns of simple Mendelian inheritance (Hubby and Lewontin 1966). This level of 
information about allozymes uses the underlying heritable variability in protein diversity to 
analyze indirectly a population’s genetic structure. All enzymes are proteins but not all 
such catalysts are products of structural gene loci. Some of these structural differences in 
enzymes result from their modifications after genomic translation (Harris and Hopkinson 
1977). Different forms of an enzyme are known as isozymes and are specifically allozymes 
only when produced by alleles at a locus. Consequently an important criterion in 
population genetics for using enzyme electrophoresis is for distinguishing between 
isozymes that follow genetic patterns of inheritance from enzymes modified after 
translation. 
Isozymes are analyzable after electrophoretic separation on a charged matrix, such 
as a starch gel, if they retain their activity after structural alterations and if staining 
methods exist for their visualization (Harris and Hopkinson 1977). The separation 
techniques take advantage of the fact that most proteins at some pH become charged and 
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can be induced to migrate in a gel by applying an electrical potential to the matrix. The 
distance an enzyme moves in a gel is a result of the proteins charge and size relative to the 
matrix's charge and size of its pores. Visualizing an isozymic electromorph proceeds by 
coupling the enzymatic transformation of a particular substrate to the precipitation of a 
visible colored or fluorescent product at the site it migrated to on the gel. 
Most allozymes follow co-dominant patterns of inheritance; all allelic forms of an 
enzyme are phenotypically expressed in relationship to their subunit composition (Harris 
and Hopkinson 1977, Lewontin 1985). Concentration or dosage effects in patterns and 
the number of bands also reflects the subunit structure of these enzymes. Recognizing 
isozymes with Mendelian patterns of inheritance is necessary for identifying enzymes that 
are allozymic and can be useful population characters. With such proteins, we can 
estimate the frequency of their genes, investigate the mechanisms maintaining these alleles, 
and make predictions of how they may evolve within and between geographically diverse 
populations (Hartl and Clark 1990). 
A statistical method to investigate the Mendelian inheritance of isozyme patterns is to 
convert the phenotypic profiles into putative allele frequencies and compare their 
goodness-of-fit with frequencies expected in populations under Hardy-Weinberg 
equilibrium (Ridgeway et al. 1970, Nei 1987). Most allozymic studies of insects have 
used these or other variants of statistical methods to infer a putative genomic origin for the 
isozyme patterns observed (Wagner and Selander 1974). An empirical link, however, is 
essential because it establishes a direct connection between the electrophoretic patterns of 
phenotypes observed and the genotypes expected under Mendelian segregation (Shaw 
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1965). The difficulty in obtaining and rearing certain natural enemies can obscure direct 
inferences from controlled genetic analyses of their allelic enzymes. Analysis of the 
transmission of isozymes with distinct electrophoretic patterns through controlled matings 
can identify allelic enzymes or allozymes produced by genomic variability. No studies to 
date with natural enemies of forest insects have utilized this type of direct information, 
although it is regularly obtained for many of the easily collected and readily cultured 
species important in agricultural crop research (Loxdale and Den Hollander 1989). 
A previous electrophoretic analysis of C. concinnata enzymes found 31 putative loci 
that were reliably visualized (Chapter 3). That study resolved 37 isozymes with an overall 
17% polymorphism and an average 1.2 putative alleles per locus. Characterizing an 
organism’s isozymes is a first step toward using enzyme electrophoresis in studying the 
genetic structure of their populations. The next definitive level of information needed is 
linking empirically the isozyme patterns to a genetic mechanism for their formation and 
inheritance (Murphy et al. 1990). 
A pilot study to evaluate the isozyme patterns in a laboratory strain of the tachinid C. 
concinnata found mated females were generally of low fecundity and as such could not be 
used for a full allozyme analysis (Sanchez, unpublished data). The availability of new 
strains made possible their use in a larger study for biochemical evaluation. A schema was 
developed for rapidly selecting laboratory strains of this tachinid with the most potential 
for mating and fecundity that were useful for a genetic study of isozyme inheritance 
(Appendix B.l). 
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Analyzing the genetic structure of a population with enzyme electrophoresis requires 
identifying a large number (preferably n > 30) of heritable isozymes or allozymes for the 
species (Nei 1987). The objective of this study was to determine the heritability for a large 
number of isozymes in C. concinnata. The analysis of many isozymes in the parents and 
offspring from controlled matings demonstrated the Mendelian pattern of inheritance in 
some isozymes and identified allozymes that could be used in further population genetic 
studies. 
4.2 Materials and Methods 
4.2.1 Mating Methods 
The C. concinnata selected were the BN (Generation 3) and NY (Generation 5) 
strains reared at the USDA, Forest Service Laboratory in Hamden, Connecticut. The BN 
strain is a cross formed from an inbred laboratory strain founded from individuals 
collected in central Massachusetts and northern New York which alone formed the NY 
strain (Appendix B. 1). There are no known sexually dimorphic pupal characters in this 
tachinid useful for sexing individuals. In previous laboratory populations, the sex ratio of 
males to females was = 1:1 and puparial mortality averaged 10% (Sanchez & ODell, 
unpublished data). To obtain enough adults of approximately similar age for observing 
matings, 200 puparia 24-hours old were isolated for each strain. Puparia were placed 
individually in a 10 ml test tube with a strip of paper whose upper end was dipped in 
honey. This strip provided 'leverage' to emerging callow adults as they grabbed it to assist 
exiting the puparia, a climbing platform to hang from as their cuticle hardened and wings 
expanded, and an initial source of food. The tubes were stoppered with a cotton plug and 
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kept in an environmental chamber at 25 ± 1°C, 50% RH and 16L:8D photoperiod. The 
test tubes were checked regularly and then daily after the emergence of the first adult. 
After new flies were sexed, the test tube was labeled with the Julian date, and provided 
with honey and water in preparation for mating. 
Although C. concinnata can mate in the laboratory under artificial lights, it readily 
does so near sources of natural light. Consequently, the adults emerging on any particular 
day were released in a 40x40* 10 cm Plexiglas® cage placed near a window with diffuse 
light to enhance mating. Pairs in copula were collected with a 60 ml clear plastic cup and 
closed with a perforated lid. The cup was labeled and the couple observed to insure that 
mating finished. Copulation can continue for upwards of 4 hours, but adults usually 
separate in about one hour (Sanchez unpublished data). Both adults were then transferred 
to a cardboard 0.471 paper cup capped with a labeled clear lid streaked with honey and 
fitted with a water bottle. Newly emerged adults were observed until 12 mated pairs of 
each strain were available. 
After a 9-12 day egg-maturation period, the pair was transferred to a freshly 
prepared 0.471 container with 15 host caterpillars. The hosts were 48-72 hour old 4th 
instar L. dispar of the New Jersey strain reared at the US Forest Service Insect Rearing 
Facility in Hamden, Connecticut. The pairs of C. concinnata were kept together and 
transferred to a new similarly prepared container of hosts each day over an 8 day period. 
To insure maximal enzyme activity of samples, the adults were observed daily and those 
with signs of advanced aging, e.g., hopping without flight, were removed and placed in 
cold storage (see 4.2.2). 
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Hosts from each batch were reared individually in clear plastic 60 ml cups containing 
6 ml of diet (Bell et al. 1981), checked every other day and then daily after the emergence 
of the first maggots. Cups were labeled when the puparia were formed, and checked 
every other day for adult emergence. The cups for a cohort of similarly aged puparia were 
checked daily after the emergence of the first adults. The F, adults were provided with 
honey and water and held 48 hours for the presumptive maturation of adult enzymes 
before being placed in cold storage. Life history parameters were tabulated and 
summarized to determine possible relationships to isozyme patterns. 
The rearing limitations and the hindrance of having only a single controlled mating 
for a particular female, limited the variation examined to that of the parental genotype. 
The fly's life span in the laboratory does not permit backcrossing offspring to either parent, 
but the expectation was that with 24 blind matings sufficient polymorphism across putative 
loci would be found in at least 1/2 of the families. 
4.2.2 Sample Preparation 
The flies were anesthetized in a — 20°C freezer until immobile ( = 20 seconds) and 
then placed individually in a labeled 1.8 ml cryotube filled with liquid nitrogen. The 
samples were stored in an ultracold ( < — 70° C) freezer until electrophoresis. The small 
amount of head gas space in the cryotubes, consisting of remnant nitrogen gas, prevented 
frost damage and minimized storage effects on electromorph mobility. 
For electrophoresis the samples were transferred individually into 5 ml test tubes to 
which was added an aliquot of Tris hydrochloride extraction buffer, and the specimens 
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homogenized. The homogenates were centrifuged for 5 min at 1,800 RPM and held on 
ice during all preparation and gel loading. 
4.2.3 Electrophoretic Method and Analysis 
An initial survey with C. concirmata screened 47 enzyme stains with 4 different 
electrophoretic buffer systems and found 37 systems using all 4 buffers with sufficient 
resolution for further population genetic studies (Sanchez & May , unpublished report). I 
selected 30 proteins from these enzyme systems. These structural proteins represented a 
relatively random sample because their selection was independent of their functional 
aspects, aside from being resolvable with the methods and stains available and for 
providing consistent patterns (Chapter 3). 
A monomeric enzyme consists of one functional unit and appears on a stained gel as a 
single band when the allleles coding for the allozyme are homozygous, but displays two 
zones of activity in heterozygous individuals (Harris and Hopkinson 1977, Richardson et 
al. 1986). Multimeric enzymes are composed of multiple subunits that in heterozygotes 
can combine as heteromeric isozymes to produce distinctive patterns on stained gels. It is 
not possible to deduce directly the subunit structure of an electromorph without variant 
isozymes in a gel. We can evaluate its stability when transmitted to offspring and, if the 
pattern remains invariant, it can be considered a heritable character (Hillis and Moritz 
1990). Many of the electromorphs in the earlier screening (Chapter 3), appeared to have 
Mendelian patterns of simple genetic inheritance as expected for homomeric allozymes 
coded by monomorphic loci. In this study these systems were further evaluated for their 
patterns of inheritance. 
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The entire fly constituted a sample and provided enough material for screening each 
individual for the 30 enzyme-buffer systems (Table 4.1). The horizontal starch gel 
electrophoretic methods used in this study were described in an earlier analysis, and have 
been used extensively with a wide variety of taxa (Selander et al. 1971, Utter et al. 1987, 
May et al. 1989, May 1992, Chapter 3). The parental stocks with the most fecund females 
were screened first, followed by the offspring of the pairs with the most variable isozyme 
patterns. Variable isozymes had their phenotypic pattern and stain intensity scored to 
determine the subunit structure of the enzyme and deduce an inheritance model for the 
locus in C. concinnata. After staining, the zymograms were scored for their putative allele 
patterns and recorded photographically. Isozyme profiles with stains containing similar 
substrates were compared for similarity by checking for any redundancy in the observed 
patterns from the same isozyme appearing on different gels. (Richardson et al. 1986). 
The results of the electrophoretic analyses for each cross were tabulated as the 
frequency counts for each filial genotypic class, based on Mendelian segregation and 
independent assortment of putative alleles as interpreted from the mobility of the parental 
phenotypes visualized on each gel. Using the criteria that one variant in twenty individuals 
constitutes a polymorphic population, a putative gene with an allele frequency < 0.975 
was considered a polymorphic locus. The counts for each polymorphic gene in each cross 
were converted to allele frequencies and compared for goodness-of-fit with counts 
expected under Hardy-Weinberg equilibrium for a single locus model with Mendelian 
genetics assuming segregation and independent assortment (Weir 1990) using the Genes in 
Populations software developed at Cornell Laboratory for Ecological and Evolutionary 
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Table 4.1 Enzyme and buffer systems (n=30) used in analyzing the isozymes of 
the tachinid C concinnata. 
Buffers Enzyme g q 
Number 
Acid phosphatase 3.1.3.2 
Adenylate kinase 2.7.4.3 
Aspartate aminotransferase 2.6.1.1 
Fructose biphosphatase 3.1.3.11 
Hexoseaminidase 3.2.1.52 
Malate dehydrogenase 1.1.1.37 
Methylumbelliferyl phosphatase — 
Esterase-a 3.1.1.1 
Esterase-/? 3.1.1.1 
Galactosaminidase 3.2.1.23 
Glucokinase 2.7.1.2 
Glucosephosphate isomerase 5.3.1.9 
a-Glucosidase 3.2.1.20 
Glycerate dehydrogenase 1.1.1.29 
Hydroxybutyric dehydrogenase 1.1.1.30 
a-mannosidase 3.2.1.24 
Peptidase with glycyl-leucine 3.4.11-13 
Superoxide dismutase 1.15.11 
Triosephosphate isomerase 5.3.1.1 
Xanthine dehydrogenase 1.1.1.204 
Diaphorase 1.8.1.4 
Fumarase 4.2.1.2 
Glycerol-3 -phosphate dehydrogenase 1.1.1.8 
Isocitrate dehydrogenase 1.1.1.42 
Phosphoglucomutase 5.4.2.2 
Phosphogluconate dehydrogenase 1.1.1.44 
Guanine deaminase 3.5.4.3 
Mannosephosphate isomerase 5.3.1.8 
Malic enzyme 1.1.1.40 
Octanol dehydrogenase 1.1.1.73 
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Genetics (May et al. 1989). Linkage disequilibrium and sex linkage also were evaluated to 
investigate associations among loci. The subunit patterns for most of the enzymes were 
checked for post-translational modifications using various consensus patterns in the 
literature (Harris and Hopkinson 1977) and earlier isozyme studies with C. concinnata 
(Chapter 3). 
4.3 Results 
4.3.1 Life History Characters in Parents and Offspring 
Females mated within 48 hours whereas 2-4 day old males mated most readily. This 
possible lag between the mating propensity between the sexes may reflect sperm and egg 
maturation times. Flies remained in copula 40-60 minutes. The life histories of the most 
fecund and isozymically variable families, 9 BN crosses and 1 NY cross, were evaluated. 
The developmental time (x ± SE) for the offspring to puparia was 11.9 ± 0.62 days 
(n = 166), with adult emergence 10.5 ± 0.17 (n = 161) days later, and males emerging 
= 1-2 days before females. These developmental times and the protandry are typical for 
the general colony. Sex ratios in these families had 1.67 males to each female (n = 179 
offspring from 10 females), and were slightly skewed toward males compared with 
laboratory strains of larger population size whose ratios are closer to 1:1. 
The life history parameters of parental female fecundity (average per diem fecundity 
[x± SE] for all females was 4.85 ± 0.995, n = 68 female days) and superparasitism 
decreased rapidly over the first 5 days and seemed to level off quickly over the eight day 
exposure period (Table 4.2). Emergence success in the Fj remained >60% during the 
early exposures, and later decreased substantially. In the confinement of the container, all 
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Table 4.2 Parasitism over 8 days by female C concinnata of controlled crosses and 
emergence success of maggots from L. dispar. 
Day 
Number of 
Females 
Present 
Hosts 
Parasitized per 
Female* 
Maggots per 
Femaleb 
Proportion of 
Puparia 
Emerging 
Number 
of 
Females 
Number 
of 
Puparia 
1 10 7.5±1.70 15.6±5.20 0.77±0.083 10 156 
2 10 3.0±1.15 4.6±1.73 0.73±0.137 6 46 
3 10 2.5±0.60 3.3±0.91 0.68±0.147 9 33 
4 10 2.8±1.00 3.5±1.35 0.83±0.111 9 35 
5 9 2.0±0.69 2.7±0.85 0.89±0.054 7 24 
6 8 2.9±1.07 2.8±1.13 0.35±0.169 6 22 
7 6 1.0±0.63 1.2±0.61 0.67±0.333 3 7 
8 5 1.2±0.49 1.4±0.68 0.38±0.240 4 7 
8 All statistics are the mean ± standard error. 
b Only pupariating maggots included. 
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females superparasitized their hosts, which did not appear to affect the offspring's 
developmental times. Adult emergence remained high in the Fj progeny from the first 5 
exposure periods. The episodes of superparasitism among mothers over all exposures 
were compared with a Chi-square goodness-of-fit to a model for independence. I found 
no significant departure from chance = 13.408, P = 0.150) for the hypothesis that 
the incidence of superparasitism by any one female was different on any particular day. 
This appeared unusual, given the initial mean superparasitism, but reflected the large 
contributions of 1 BN female that produced 54 puparia on the first day of host exposure. 
Most superparasitism within the first 48 hours of exposure to hosts probably occurred 
because females storing progeny during the egg-maturation period unloaded most of these 
on the first opportunity that caterpillars become available. 
4.3.2 Electrophoretic Analysis 
Of 24 crosses, 10 families had sufficient fecundity and parental electromorph 
diversity for electrophoretic analysis. Thirty-five putative loci were identified with the 30 
enzyme stains and 4 buffer systems. The zymograms for 30 of the enzyme systems 
demonstrated singular bands of even intensity consistent with monomorphic patterns 
observed for genes with a fixed allele (Figure 4.1). This pattern was consistent in both 
parents and was transmitted to all offspring at these fixed loci without forming new 
patterns (Table 4.3). The electromorphs in four of the putative loci (Est-ot, Mdh, a-Mcm, 
Odh) were consistently resolved with even intensity, were not reproduced on multiple gels 
using different substrates, and lacked the indeterminacy characteristic of nongenetic 
post-translational products (Figure 4.2). The consistent transmission of these patterns 
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Figure 4. 1 Single allozyme band for malic enzyme system of 
the parasitic fly Compsilura concinnata consistent with 
monomorphic pattern for a homozyogus locus. 
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Table 4. 3 Characteristics for allozyme loci (N=35) in the tachinid C concinnnaia 
determined from the parents and offspring in ten crosses. 
Locus 
Number 
of Loci 
Number 
of Alleles Enzyme 
E. C. 
Number 
Subunit 
Number* 
Acp 1 1 Acid phosphatase 3.1.3.2 lb 
Ak 1 1 Adenylate kinase 2.7.4.3 lb 
Aat 1 1 Aspartate aminotransferase 2.6.1.1 2b 
Dia 1 1 Diaphorase 1.8.1.4 lb 
Est-a 2 1,1 Esterase-a 3.1.1.1 lb 
Est-/? 1 2 Esterase-/? 3.1.1.1 1 
Fbp 1 1 Fructose biphosphatase 3.1.3.11 4C 
Fum 1 2 Fumarase 4.2.1.2 4 
Gam 1 1 Galactosaminidase 3.2.1.23 2C 
Gk 1 1 Glucokinase 2.7.1.2 r 
Gpi 1 1 Glucosephosphate isomerase 5.3.1.9 2b 
a-Glu 1 1 a-Glucosidase 3.2.1.20 
G2dh 1 1 Glycerate dehydrogenase 1.1.1.29 
G3p 1 1 Glycerol-3-phosphate dehydrogenase 1.1.1.8 2b 
Gda 1 1 Guanine deaminase 3.5.4.3 
Hbdh 1 1 Hydroxybutyric dehydrogenase 1.1.1.30 X 
Ha 1 1 Hexoseaminidase 3.2.1.52 1 
Idh 1 1 Isocitrate dehydrogenase 1.1.1.42 2b 
Mdh 2 1,1 Malate dehydrogenase 1.1.1.37 2b 
Me 1 1 Malic enzyme 1.1.1.40 2b 
Mpi 1 2 Mannosephosphate isomerase 5.3.1.8 1 
a-Man 3 1,1,1 a-mannosidase 3.2.1.24 
Mup 1 1 Methylumbelliferyl phosphatase — 
Odh 2 1 Octanol dehydrogenase 1.1.1.73 2b 
Pep-gl 1 1 Peptidase with glycyl-leucine 3.4.11-13 l\2‘ 
Pgm 1 1 Phosphoglucomutase 5.4.2.2 I” 
Pgd 1 1 Phosphogluconate dehydrogenase 1.1.1.44 2b 
Sod 1 1 Superoxide dismutase 1.15.11 2b 
Tpi 1 1 Triosephosphate isomerase 5.3.1.1 2 
Xdh 1 1 Xanthine dehydrogenase 1.1.1.204 2b 
1 Superscripted values are from literature on arthropod allozymes. 
bManchenko (1988). 
cMurphy et al. (1990). 
77 
Figure 4.2 Zymogram of glucosephosphate isomerase in Compsilura 
concinnata with variability in post translational isozymes outside zone 
of GPI activity (within narrow band). 
from parents to offspring suggests these are single classes of allozymes coded by different 
monomorphic loci (Table 4.3, Loci = 2). 
The counts for all progeny were collapsed across families with similar phenotypic, 
and genotypic classes were deduced for each of the enzyme systems (Table 4.4). In the 
45 single locus crosses with 10 families, no unexpected classes for polymorphic loci that 
deviated from expected for independently segregating parental gametes were produced in 
the progeny (Figure 4.3). No sex linkage or linkage disequilibrium was apparent among 
the loci. Segregation ratios in the offspring deviated from the expected Mendelian 
proportions in only 2 sets of 5 crosses over all the putative polymorphic loci sampled. The 
double heterozygous cross at the Est-fi locus and the homozygous-heterozygous cross at 
the Tpi gene, had a deficiency of heterozygotes and overabundance of homozygotes in 
their offspring ratios (Table 4.3). The isozyme patterns observed were consistent with 
those expected for co-dominant phenotypic expression of gene encoded proteins. There 
were only two alleles per locus found in the 5 polymorphic putative genes with an average 
1.29 alleles per locus across all 35 loci. The genetic variability in the 16 classes of 
polymorphic crosses, including the putative monomorphic loci, were not associated with 
levels of parasitism. 
4.4 Discussion 
This study confirmed the results for the time spent in copula and apparent higher 
mating propensity of older males reported by Culver (1919) and Tothill (1922). The 
average fecundity of C. concinnata decreased considerably over the first 5 days of host 
exposure. The earlier studies followed adult mating behavior, but did not follow closely 
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Table 4.4 Genotypes in five polymorphic enzymes in offspring from controlled 
matings of parents of varying genotypes for each enzyme. 
Enzyme Locus Parent Number Progeny Count bv Sex and Phenotype 
Genotypes of Females Males 
Female Male Families 11 12 22 11 12 22 
0-EST 11 12 3 7 4 0 6 6 0 
12 11 1 2 2 0 2 5 0 
11 11 1 4 0 0 12 0 0 
12 12 2 3 1 1 4 1 4 
11 ??* 2 8 3 0 12 2 0 
FUM 11 11 2 6 0 0 5 0 0 
11 12 3 5 6 0 9 6 0 
12 11 2 4 1 0 11 4 0 
22 12 1 0 4 0 0 6 7 
22 11 1 0 4 0 0 8 0 
HA 12 12 3 0 1 5 1 12 1 
12 11 3 4 10 0 5 6 0 
11 12 3 4 8 0 12 9 0 
MPI 12 11 3 4 9 0 14 9 0 
11 12 3 7 3 0 1 9 0 
12 12 3 3 8 0 13 15 1 
TPI 11 12 3 10 2 0 19 4 0 
11 11 6 17 0 0 18 0 0 
* Genotypes of these males could not be resolved, however based on offspring, they were 
probably heterozygotes. 
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Figure 4. 3 Fumarase allozyme patterns in progeny of Compsilura 
concinnata consistent with a simple Mendelian model of inheritance 
for segregation of two alleles at a polymorphic locus. 
per diem fecundity as in this study, and so failed to note how parasitism decreased over 
time to an apparent minimum. This life history character is obviously important for future 
release efforts as rearing depends on high fecundity. No electrophoretic marker of 
fecundity was found in these population under nonrandom mating. In general. Falconer 
(1981) suggests that physiological characters, such as fecundity, besides having 
environmental influences, can be polygenic traits dependent on the contributions of many 
genes, and so lacking direct associations with any single genes. This is not always the case, 
however, as some characters that may not appear directly related can nonetheless, affect 
an increase in fecundity. 
The differentiation of allozymes by heat denaturation has been demonstrated in vitro 
with Drosophila melanogaster Meigen Esterase-6F alleles and was suggested to have 
some significance to fitness (Wright and McIntyre 1965). Watt (1992) found phenotypes 
of Colias spp., whose alleles coded for a variant glucose phosphate isomerase 
(= phosphoglucose isomerase) that decreased flight duration, as well as other heat-stable 
phenotypes with lowered fecundity. Watt (1992) suggests that the indirect effects of 
single locus variability on seemingly polygenic traits, like flight, are important for 
long-term evolution. Indeed, Watt (1992) further cogitates the possible consequences of 
global warming, speculating that by restructuring the genetic architecture of populations, 
changes in their demographics may have a severe impact on populations of 
thermally-sensitive species. 
The lack of significant differences in developmental times and the low level of genetic 
variance in allozymes suggests that these traits are insufficient for analyzing the 
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association between such characters in C. concinnata. The allozymes for the fixed loci 
observed in parents, and their offspring, provided no direct information on the enzymes 
subunit or quaternary structure. Single phenotypic classes of isozymes under different 
electrophoretic conditions have been resolved into groups of electromorphs (Ramshaw et 
al. 1979). In this study it is unlikely that any prominent alleles were missed for the loci 
resolved because of the initial variety of conditions tested. The invariant parental patterns 
observed and transmitted to offspring, the monomorphism in the larger survey presented 
earlier (Chapter 3), and the limited numbers of adults founding these original populations, 
suggest these presumptive genes are probably fixed and can be considered monomorphic 
loci. The ready resolvability in a broad enzyme-buffer screening and the invariant 
transmittance between generations makes these electromorphs sufficiently consistent to be 
adequate putative monomorphic loci for the purposes of population genetic analyses. 
Variability, however, could be underestimated by excluding information from hidden 
differences such as 'cryptic variation' evaluated when using many more buffers and stains 
in analyzing any particular locus (Gillespie at al. 1991) than used in this study. 
Multilocus heterosis in some species has been demonstrated as positively correlated 
to life history traits associated with allometric parameters (Mitton and Grant 1984, Zouros 
and Foltz 1987). Some allozymic characters have demonstrated clinal differences for 
single or a few functionally important life history traits, but their significance is not always 
quite clear (Koehn et al. 1983). The lack of any clear association between allozymic 
characters and developmental parameters, and other life history traits estimated for this 
laboratory population was not entirely unexpected. Because these are laboratory strains, I 
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may have inadvertently selected characters maximizing their culture, and eliminated 
outliers. However, this is not a necessary outcome given what we know of the reduced 
variability of C. concinnata populations released in the Northeast (Chapter 1). 
The loss of diversity and how it affects the efficacy of biological control agents is a 
major concern in rearing programs for beneficial insects (Huettel 1976, Mackauer 1976, 
Rousch 1990). To understand the effects of such loss in the quality and quantity of 
diversity, genetic analyses of field populations can make significant contributions, 
particularly with species that have obviously established successfully and are expanding 
their range into new areas. Compsilura concinnata, like its host L. dispar, is such a 
successful colonizer species. 
Soon after its introduction this tachinid spread rapidly throughout the Northeast and 
was collected from many areas in advance of its exotic hosts the gypsy moth and brown 
tail moth, Euproctis chrysorrhoea (L.), (Culver 1919, Schaffner 1934). In an 
electrophoretic analysis of putative allozymes of L. dispar, the average observed 
heterozygosity was 0.000-0.008, although single-locus heterozygosity provided sufficient 
diversity to identify populations from the least variable in North America and Europe to 
the more diverse groups in Asia (Harrison et al. 1983). Unfortunately no information is 
available on the genic diversity and genetic variance in either nearctic or holarctic wild 
populations in C. concinnata's endemic range. 
The expected heterozygosity (H ± SE) under Hardy-Weinberg equilibrium for the 
progeny in this laboratory population (0.047 ±0.021) over the 35 loci is close to that for 
haplo-diploid wasps (Graur 1985) but substantially larger than for L. dispar. The type of 
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relationship between gene identity and the parasitic life style in insects is unknown. An 
analysis of genic diversity in relation to the spectrum of parasitism in the insects would 
provide the information needed for determining the extent, maintenance and evolution of 
genetic diversity in parasitoids. Minimally, an analysis of the genetic variety and variance 
in wild populations of various parasitoid taxa especially over many loci would provide 
primary information on this issue. The C. concinnata laboratory populations studied had 
estimates of percentage polymorphism and average heterozygosity that were, respectively, 
= 60% lower and = 20% less than such statistics calculated for most other insects 
excluding Drosophila (Nevo 1978). 
The low level of heterozygosity in the near wild BN strain of C concinnata suggests 
either rapid selection and fixation during laboratory culture or, more likely, that the source 
population was depauperate in allozymic variety. Obtaining more information about the 
genetic structure of the now endemic populations of C. concinnata in North America can 
be extremely helpful in assessing between conflicting hypotheses effecting reduced genetic 
variation. Using Drosophila, Powell (1979) demonstrated that allelic frequencies at many 
loci can change with habitat heterogeneity, although these changes cannot be predicted 
precisely. It does not have a clear-cut corollary, however, because in other Diptera such 
as Ceratitis the level of homogeneity in food resources does not cause any systematic 
change in allele frequencies (Loukas 1989). 
For insects in which variability is inextricably linked with successful laboratory 
culture, maintaining isofemale lines has been suggested as a favorable rearing scheme for 
retaining gene frequencies and linkages between alleles that could otherwise be lost in 
85 
large single colonies (Delpuech et al. 1993). Compsilura concinnata appears to have one 
of the lowest levels of genetic variability in the Diptera and not suffered more for it. This 
tachinid rears easily in the laboratory maintained as large single colonies (Culver 1919, 
Sanchez unpublished data), and with no apparent difficulties in spreading, is expanding its 
nearctic range (Culver 1919, Luhman 1991). 
Climate matching and avoidance of host defenses, like host encapsulation, are 
considered characteristics of primary importance to the relative success of biological 
control (Rousch 1990). Yet, C. concinnata is a parasitoid with a low level of genetic 
variability, but an extremely large host range (over 150 at last count, Amaud 1978, 
Clausen 1978) that indicates it has successfully circumvented host defenses. Although C. 
concinnata females inject fully mature eggs that rapidly hatch in the host, the rapid 
migration of the maggot into the peritrophic space may reflect one mechanism by which 
this species of tachinid may attempt to escape host immune responses. It also has a 
capacity for using hosts across a variety of habitats (Iwao et al. 1989), although no genetic 
information is available for these C. concinnata populations studied in Japan. 
Classical biological control has been likened to an interface between theoretical 
ecology and applied ecology, representing as it does experimentation on a grand scale for 
population manipulation (Waage 1989). As such it may also be considered an interface 
between evolutionary biology and ecological genetics, in that as the former focuses on 
inferring both the history and process of evolution, the latter investigates the mechanisms 
of evolution at the more detailed levels of the habitat and host species. This amplifies the 
need to expand our understanding of the population genetics of C. concinnata in parts of 
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its nearctic range. The dramatic density dependent parasitism observed repeatedly for C. 
concinnata, strongly suggests it plays an important role in maintaining L. dispar host 
populations at low levels (Elkinton et al. 1989). This parasitoid could provide a wealth of 
information for understanding how a seeming lack of genic variety can translate into a 
successful colonizer. Electrophoretic analyses, together with hybridization and behavioral 
studies, are considered necessary components of pest management for identifying both 
geographic and host biotypes that may have different potentials as successful biological 
control agents (Gonzalez et al. 1979) and that otherwise might not be readily identified. 
Utilizing the allozyme information developed here, future studies should investigate the 
genetic diversity in North American populations of C. concinnata. This may provide 
useful insights for determining the likely ancestral origin of this tachinid in its palearctic 
populations and on their relationships with genetic diversity in their hosts that might be 
useful for enhancing their natural control. 
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CHAPTER 5 
ALLOZYME VARIABILITY AND GENETIC STRUCTURE OF COMPSILVRA 
CONCINNATA POPULATIONS IN THE NORTHEASTERN UNITED STATES 
5.1 Introduction 
The introduction of species for the biological control of insect pests typically concentrates 
establishment efforts to a specific locality in which a targeted noxious species persists. 
The potential and the factors involved in the establishment of introduced beneficial species 
have been reviewed from an evolutionary genetic perspective with the consensus that the 
inherent diversity from which a population issues is an important character to identify early 
and maintain (DeBach 1958, Baker and Stebbins 1965, Mackauer 1976, Hoy 1976, 
Roush 1990). In the case of parasitoids with a broad geographic range, the source from 
which founder populations are collected has been suggested to be important for their 
establishment in a new habitat. These sources can be related to the ancestral locality that 
the most genetically diverse populations inhabit as the most likely sites of their origin 
(Remington 1968, Harrison et al. 1983). This concept has been extended using cladistic 
methods based on presence or absence of a character independent of genetic information 
(Bremer 1992). Such interpretations presume that the success of an artificially-induced 
biological invasion, as the introductions of biocontrol agents, depends on the process of 
species interactions or an individual species' behavioral ecology independent of any aspects 
of the "balance of nature" within which prey are held in check by predators and vice versa 
(Hengeveld 1988). Regardless of the theoretical complexities of biological control, the 
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practical aspects of biocontrol strategies are important in decreasing the impact of pest 
insect populations (Pimentel and Hunter 1992). 
Soon after the population outbreaks in the Northeast U. S. in the early 1900's of the 
lymantriid pests, Lymcmtria dispar (Linnaeus) and Euproctis chrysorrhoea (L.), the gypsy 
moth and brown tail moth respectively, parasitoids collected mostly in Europe were 
released in northeastern Massachusetts (Schaflher 1934). Of the natural enemies 
introduced against those exotic forest insect pests, few parasitoids moved farther across 
the Northeast than the tachinid Compsilura concinnata (Meigen) (Schaflher 1927). The 
females of this oligophagous tachinid inject into mid to late instar hosts mature eggs that 
hatch rapidly. The maggot feeds during its first and second instar in the host midgut; in 
the third instar it moves to the hemocoele (Tothill 1922, Culliney et al. 1992), and 
emerges soon after killing its host. These hosts are generally forest caterpillars, but also 
include over 150 other species in the major families of macrolepidoptera (Amaud 1979). 
The flies have been suggested to have density dependent patterns of parasitism in host 
populations of low or increasing densities (Sisojevic 1977, Gould et al. 1990, Skinner et 
al. 1993). 
The establishment rate of newly colonizing species is influenced by their overall 
adaptive capacity. Understanding the genetic architecture of these species can be related 
to understanding their specialization across a spectrum of resources comprising their diet 
(Futuyma and Peterson 1985). With increasing specialization in nutrient resource use, 
overall variability in these released parasitoids is expected to decrease under relatively 
stable environments, whereas less resource specific species would have a higher genetic 
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diversity, provided there had been no recent bottlenecking events. This view comprises a 
part of Wright's Shifting Balance Theory (Wright 1982) in which evolution, on the scale of 
an adaptive landscape, typically proceeds through multilocus or polygenic characters. 
This does not, however, preclude the important role of another source of variation in 
which individual allelic variants, capable of "hitchhiking'' in heterotically balanced gene 
blocks, may compose polygenic traits (Hedrick 1980). 
In the phytophagous true fruit flies Rhagoletis, several studies have integrated the 
genetic structure of populations in different geographic regions with differences in host 
plant utilization. Sufficient biochemical diversity in their electrophoretic markers has 
allowed the construction of taxonomic keys based on these characters (Berlocher 1980). 
Using this variability, earlier work developed many of the current models for investigating 
host shifts and their potential for the evolution of new species under sympatry (Bush and 
Diehl 1982). Studies with Drosophila have provided information on molecular population 
genetics that have been useful for interpreting possible phylogenetic relationships 
(reviewed by Ashbumer et aL 1982). Those studies have also provided methods that have 
been used in similar analyses of relationships with other species. 
The molecular genetic study of variability in populations of C. concinnata has 
developed biochemical markers with heritable patterns (Chapter 4). Understanding the 
patterns and mechanisms of change in the evolutionary biology of parasitoids requires 
information about their genetic structure and that of their hosts (Price 1980). 
Introductions of exotic geographic strains can provide experimental material for studying 
the genetics of adaptation. As established populations are characterized and inventoried 
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genetically, these releases can extend work to determine fine-scale differences between 
groups. By deciphering the genetic structure of newly colonized species, inferences are 
possible about migration rates and patterns of gene flow among their populations (Slatkin 
1987). One practical application of these molecular methods may permit predicting the 
invasion rates of these insects as they spread across the landscape (Harrison et al. 1985, 
Roderick 1992, Liebhold et al. 1993). 
Evaluations of the life history traits for certain insects have found heritable 
intraspecific differences associated with particular geographic strains and are considered 
characteristics for identifying biological types (Diehl and Bush 1984). In the central and 
western United States, differences in life history characters of certain exotic natural 
enemies were found to depend on their geographic source. The maximum efficacy of 
these biological types may also be influenced and vary under particular climates (Hopper 
et al. 1993). Evaluations of natural enemies have generally focused on phenotypic 
characters and generally have not considered the implications of the genetic structure of 
their populations (Luck et al. 1988). Although the effects of laboratory propagation on 
insects released as biological control are of practical interest, most biochemical genetic 
studies focus on agricultural pests and their natural enemies (Loxdale and den Hollander 
1989). None of these studies have used molecular markers to investigate the genetic 
structure of introduced parasitoids of forest insects (Berry 1989). 
Within such a framework, the parasitoid C. concinnata can provide abundant 
experimental material for studying the genetics of insect colonization in North America, 
because of the limited numbers of individuals and source populations from which it was 
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collected (Culver 1919, Burgess and Crossman 1929, Chapter 1) and the historical 
information about its releases (Clausen 1978, Tothill and McLaine 1919). The earlier 
analyses of allozyme variability with C. concinnata (Chapters 3 and 4) used strains 
founded by individuals reared from trap hosts exposed throughout its distribution in the 
Northeast. This study analyzes allozymes of C. concinnata collected in the northeastern 
United States to estimate the extent of their genetic variation and the degree of 
differentiation between these geographic populations. It provides new information about 
the genetic structure of their North American populations that is useful toward 
establishing the role such variability may play on host parasitism dynamics, including 
parasitism rates, susceptibility relative to host quality and host range. 
5.2 Materials and Methods 
5.2.1 Site Selection 
Using historical information about the prevalence and rates of spread of C. 
concinnata (Culver 1919), sites were selected likely at the periphery of the tachinid's 
current geographic range in the Northeast. During the fall and late winter of 1992-93, 
state and federal researchers knowledgeable about gypsy moth activity in their areas were 
interviewed to select the study areas. In the early spring after snowmelt, the areas were 
visited and further evaluated. Final site selection depended on finding suitable host plant 
species for L. dispar by visual survey as outlined by Bess et al. (1947), where there were 
gypsy moth densities of < 100 eggmasses/hectare. The study sites were in southern New 
Jersey, eastern and western Pennsylvania, southern and northern New York, southwestern 
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and southeastern Maine, southern Connecticut and eastern Michigan (Figure 5.1). At 
each site, the physiographic characters differed as did the tree species (Table 5.1). 
5.2.2 Trap Host Methodology 
In early April I visited the areas, and selected sampling sites. In each stand, a 70 m 
(=1/2 hectare) square plot was setup, gypsy moth eggs were released (see section 
5.2.2.1), and a 10 m grid was established. Every tree ( < 7.5 cm diameter at breast 
height) within 3 m of an intersection point was burlap banded (51 cm wide) at breast 
height that generated 40-50 trees with host resting sites per site. In these plots two host 
release methods, egg mass augmentation and late instar caterpillar release, were used to 
provide potential hosts with which to trap and thereby sample the parasitoid C. 
concinnata. 
5.2.2.1 Augmentative Egg Release 
Before native egg hatch, I spread F, sterile eggs (= 400 g) on the ground, around the 
root collar of trees 10-15 m into the four comers of a plot. These eggs were obtained 
from the USD A, APHIS, Otis Methods Development Center, Otis Air National Guard 
Base, MA, and produced by Otis strain adults irradiated as pupae at 30 Krad dose. This 
approach enthused local authorities because any release of these insects might decrease the 
native pest population while potentially allowing an increase in the parasitoid and predator 
population. Gypsy moth egg masses on average weigh 1 gram and can contain = 1,300 
eggs. Subsamples of these partially sterile egg masses averaged 40% egg hatch, and so 
sites were 'seeded' to a density of = 1.5K egg masses or = 300 K larvae per hectare. The 
comer approach intended to spread the emerging larvae in such fashion that, regardless of 
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Fig. 5.1. Location of forest stands in the northeastern United States at which 
Lymantria dispar L. was released to sample populations of Compsilura concinnata 
(Meigen). 
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Table 5.1 Characteristics of sites selected in the northeastern United States for 
trap-host release to sample populations of the tachinid C concinnata. 
Site Locality Plot Map Average Coordinate Elevation Forest Description 
Northern, Silas Little 
1 Experimental Forest, 
New Lisbon, NJ 
Southern, Silas Little 
2 Experimental Forest, 
New Lisbon, NJ 
Delaware Water Gap 
3 National Recreation 
Area, PA 
Pennsylvania State 
4 Gamelands, No. 86, 
Deerfield County, PA 
Schwangunk Multiple 
5 Use Area, Gardiner 
County, NY 
Lewis 20, Hightowers 
6 State Forest, Lewis 
County, NY 
Lewis 21, Hogsback 
7 State Forest, Lewis 
County, NY 
8 
Sebago Lake State 
Park, Naples, ME 
39°54'44», 
74°35'44" 
39°54'52", 
74°35'26" 
41°15'45", 
74°51'22M 
41°47'47", 
79°19'18" 
41°58,17', 
740H'27" 
43°33’31", 
75°09'34" 
44°06’47", 
75°20'07" 
43°59'57', 
70°59'38" 
Public Reserve Lands, 39°54'44", 
Township 10, ME 68°00'0 7” 
South Central 
10 Connecticut Regional 
Water Authority, 
Hamden, CT 
41°29'47", 
72°0712" 
Rose Lake Wildlife 
11 Research Area, 
Shiawasee County, 
MI 
43°59'44", 
84°59'25" 
Alantic coastal plain. Pine barrens 
112' dominated by pitch pines. Oak in 
disturbed areas, Xeric 
Alantic coastal plain. Pine barrens 
106' dominated by pitch pines. Oak in 
disturbed areas, Xeric 
Eastern edge of northern 
920' Appalachian plateau. Eastern 
Oak-hickory hardwoods, Xeric 
Appalachian plateau. Mixed 
1800' hardwoods, oak, maple, hickory 
and cherry, Xeromesic 
Hudson-Mohawk lowlands, 
300' Maple hardwoods with mixed 
oaks but mostly white, Xeric 
Adirondack Uplands, 
1150' Maple-beech with some mixed 
oaks, Xeric 
1000' Adirondack Uplands, Maple-oak 
with some cherry, Hydromesic 
Coastal lowlands. Mixed 
270' hardwoods. Oaks and birch, 
Mesic 
Coastal lowlands. Mixed 
225' hardwoods. Fir with beech and 
white oak in disturbed areas, 
Xeric 
Connecticut Valley lowland, 
300’ Mixed hardwoods. Oak-hickory, 
Xeric 
Great Lake Plains, Mixed 
700' hardwoods. Maple-hickory, 
Hydromesic 
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the wind direction, potentially at least 1/4 of the total larvae would remain near the plot 
center. 
Two weeks later, each plot was revisited to confirm hatch and to set out the burlap 
bands on the trees. Sites were monitored through the season by an informed contact 
person for the appearance of fourth instar caterpillars, and were then revisited and all 
instars of host larvae found were collected and returned to the laboratory for rearing. 
5.2.2.2 Fourth Instar Host Augmentation 
In some sites it became evident that trap-host mortality (in order of importance) from 
invertebrate predators, a fungal epizootic with Entomopthorales sp., and the 
hymenopteran parasitoid Cotesia melcmoscelus Ratzeburg would significantly decrease the 
prevalence of later instars. To insure that adequate samples could be obtained during the 
1993 field season, a late-season trap host release was employed. The suitability of mature 
foliage for establishing 4-5th instar caterpillars was first positively determined from a 
laboratory and field pilot in southern Connecticut using tree and shrub species common at 
the study sites. Mid to late instar larvae were then released in plots from which C. 
concinnata parasitized hosts had been recovered during the egg augmentation phase in 
northern New York, western Pennsylvania, southern Connecticut, and coastal Maine. An 
additional site in Michigan was also included. 
Fourth instar partially sterile caterpillars, hatched from eggmasses of irradiated 
parents and reared in the laboratory (Bell et al. 1981) were obtained from the USD A, 
APHIS, Methods Development Center, Otis Air National Guard Base, MA. At each site. 
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4-5 K mid to late instar caterpillars were released on 1 or 2 trees near the center of the 
plot. Larvae were also released on understory shrubs near the release tree. 
To decrease the spread of caterpillars from the site, the release trees selected were of 
species preferred by the gypsy moth, i.e., codominant oaks having a relatively open crown 
with no or little contact to adjacent trees. Seedlings of American beech, Fagus 
grcmdifolia Ehrh., and striped maple, Acer pensylvanicum L., dominated the understory in 
the northern New York stand. In western Pennsylvania, Michigan and Connecticut the 
understory species were seedlings of sugar maple, A. saccharum Marsh., the red oak 
group, Quercus L. species, and had a significant component of witch hazel, Hamamelis 
virginiana L.. After two days the sites were revisited, all the larvae that could be found 
were collected, placed on diet and returned them to the laboratory for rearing. 
5.2.3 Rearing 
On arrival to the laboratory 20 host insects were set up 1 per cup into 0.87 1 clear 
plastic cups containing 15 ml of gypsy moth diet (Bell et al 1981) and closed with a 
plastic lid perforated with four pin holes. The remaining insects were placed in groups of 
six into 0.18 1 cups in which 40 ml of diet had been poured. The containers were labeled 
by source and date, and held in an environmental chamber at 25 ± 5°C , 65% RH, and 16:8 
LD. The caterpillars were checked every third day until the first parasitoid emerged and 
then daily thereafter to record the dates of parasite emergence, caterpillar pupation or 
other mortality. 
The puparia were examined and those identified as C. concinnata were held for adult 
emergence. Adults were held 48 hours, anesthetized by briefly transferring to a -20°C 
103 
freezer until immobile (= 1 min), then placed in a 1.8 ml cryogenic vial filled with liquid 
nitrogen, and stored at ultracold (-70°C) until electrophoresis. Voucher specimens of the 
C. concinnata collected at each of the sites are archived in the Entomological Collection 
of the University of Massachusetts at Amherst, MA. 
5.2.4 Electrophoretic Analysis 
The C. concinnata samples from each of the sites were prepared for standard horizontal 
starch gel electrophoresis utilizing the methods previously described for this insect 
(Chapters 3 and 4, May 1992). The material, however, was prepared differently for 
voucher purposes and future study with other methods. Following an aseptic protocol, 
the insoluble tissues were separated from the liquid homogenate after centrifugation, and 
returned to the cryogenic vial for further ultracold storage. In earlier studies similarly 
stored samples were rerun and the 'stronger' enzyme systems have retained sufficient 
activity for their resolution. 
After preparation the fresh gel was covered with plastic Saran® placed at -5°C for = 1 
hr to cool. The gel was then loaded with samples, including a red food coloring dye strip 
every 10 lanes, and prerun 12 minutes without an ice pack. In all gels, I included samples 
of the FS Hamden laboratory strain of C. concinnata as an internal control. Since this 
strain is fixed at many loci, it is usually possible to identify their isozymes and compare 
gels (Chapter 4). 
All the samples were assayed with 27 enzyme-buffer systems (Table 5.2) over a total 
of 37 individual enzyme loci. Each gel, with the exception of the fluorescent types, was 
stained as an agar overlay with a method developed at my laboratory using Plexiglas® 
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Table 5.2 Characteristics for allozyme loci (n=35) surveyed in the tachinid C 
concinnata for populations collected in the northeastern United States. 
Locus 
Number 
of Loci 
Number 
of Alleles Enzyme 
E. C. 
Number 
Subunit 
Number* 
Acp 1 1 Acid phosphatase 3.1.3.2 1 
Ak 1 1 Adenylate kinase 2.1 A3 1 
Aat 1 1 Aspartate aminotransferase 2.6.1.1 2 
Dia 1 1 Diaphorase 1.8.1.4 1 
Est-cf 2 1,1 Esterase-a 3.1.1.1 1 
Est-(3 1 2 Esterase-/? 3.1.1.1 1 
Fbp 1 1 Fructose biphosphatase 3.1.3.11 4 
Fum 1 2 Fumarase 4.2.1.2 4 
Gam 1 1 Galactosaminidase 3.2.1.23 2 
Gk 1 1 Glucokinase 2.7.1.2 1 
Gpi 1 1 Glucosephosphate isomerase 5.3.1.9 2 
a-Glu 1 1 a-Glucosidase 3.2.1.20 — 
G2dh 1 1 Glycerate dehydrogenase 1.1.1.29 — 
G3p 1 1 Glycerol-3 -phosphate dehydrogenase 1.1.1.8 2 
Gda 1 1 Guanine deaminase 3.5.4.3 — 
Hbdh 1 1 Hydroxybutyric dehydrogenase 1.1.1.30 2 
Ha 1 1 Hexoseaminidase 3.2.1.52 1 
Idh 1 1 Isocitrate dehydrogenase 1.1.1.42 2 
Mdh 2 1,1 Malate dehydrogenase 1.1.1.37 2 
Me 1 1 Malic enzyme 1.1.1.40 2 
Mpi 1 2 Mannosephosphate isomerase 5.3.1.8 1 
OL-Man 3 1,1,1 a-mannosidase 3.2.1.24 — 
Mup 1 1 Methylumbelliferyl phosphatase — — 
Odh 2 1 Octanol dehydrogenase 1.1.1.73 2 
Pep-gl 1 1 Peptidase with glycyl-leucine 3.4.11-13 1,2 
Pgm 1 1 Phosphoglucomutase 5.4.2.2 1 
pgd 1 1 Phosphogluconate dehydrogenase 1.1.1.44 2 
Sod 1 1 Superoxide dismutase 1.15.11 2 
Tpi 1 1 Triosephosphate isomerase 5.3.1.1 2 
Xdh 1 1 Xanthine dehydrogenase 1.1.1.204 2 
a From literature on arthropod allozymes (see Chapter 4). 
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strips to box in the gel slice. Placing these strips about the perimeter of the slice kept the 
agar on the gel surface and the self leveling ensured good stain distribution. The gels were 
then covered with Saran® wrap, placed in a dark incubator at 30 =fc 5°C, and checked 
regularly until the allozyme bands were maximally resolved. The electromorphs were 
scored from gel on a light table and slide photographs were taken as a photographic 
record with a 16 mm camera layout. The simplest explanation to interpret the isozyme 
phenotypes observed on a gel was used for scoring the sample genotypes. The inheritance 
patterns of these some of the allozymes in C. concinnata have been determined (Chapter 
4). Likewise, in this study I used parsimony to invoke the fewest loci and alleles when 
interpreting the patterns resolved for the proteins. 
The measures of genetic variability obtained for the locus-allele matrixes resolved in 
these populations were analyzed using the Genes software package developed at Cornell 
Laboratory for Ecological and Evolutionary Genetics (May et al. 1992). This package 
provided measures of the deviation from Hardy-Wienberg equilibrium, heterozygosity, 
polymorphism, inbreeding (FJ and goodness-of-fit (G) statistics for the allozyme data. 
The allele frequencies of variant and invariant loci were used to obtain the averaged 
heterozygosities for each population over all loci. The historical source of the sampled 
populations is presumed to be from western European groups of C. concinnata (Chapter 
1). The individuals in a sample were considered a part of the larger Northeastern 
population in this analysis and each plot a subset. The G statistics incorporated both 
variant and invariant loci to evaluate the contribution of each particular polymorphic locus 
to the overall variance model using the F statistics calculated. 
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5.3 Results 
In the initial egg mass augmentation phase of the study, few caterpillars were 
recovered. Observations in the field soon after egg release found invertebrate-induced 
mortality in the early stages, e.g., ants were seen carrying off* eggs soon after they were 
spread about the root collar of trees in the New Jersey sites. Within 2 weeks the sites 
were revisited to set out burlap bands and many of the eggs were found unhatched, which 
in combination with an unseasonable cold front in the Northeast, virtually assured 
asynchrony with native gypsy moth larvae. 
Using the augmentative egg mass method, C. concinnata was recovered in low 
numbers from Western Pennsylvania, Northern New York, Southern Connecticut and both 
plots in Maine (Table 5.3). The host insects collected from the sites in the initial egg 
augmentation cycle had few or no tachinid parasitoids emerge, and most of the 
contemporaneous mortality in the remaining insects occurred from the parasitoid C. 
melanoscelus and an entomofimgus, probably Entomophaga mamaiga Humber, Shimazu, 
Soper & Hajek (Table 5.3). These earlier collections identified the plots for subsequent 
sampling with host larvae. 
From the sites in which C. concinnata were recovered, five plots were selected for 
further work based on their large distance apart and prior incidence of the tachinid. In this 
phase of the study, partially sterile fourth instar caterpillars were released and collected 
from burlap skirted trees, low lying shrubs, and ground structures. Compsilvra 
concinnata emerged from hosts exposed in northern New York (Site 6), western 
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Pennsylvania (Site 4), southwestern Maine (Site 8), southern Connecticut (Site 10) and 
the locality in southeastern Michigan (Site 11). 
Larger numbers of C. concinnata were reared from the trap host release of late instar 
L. dispar caterpillars, during which male gypsy moths were observed on the wing, than 
from hosts collected earlier during the egg augmentative release (Table 5.4). In fact, in 
the northern New York plot (Site 6) a female C. concinnata was observed, during the 
caterpillar release, searching the seedling beech on which the larvae had just beeti placed. 
Her general behavior appeared similar to what I have observed in the laboratory. I was 
able to observe the female up close and handle her with no apparent ’startle' response, as is 
common in the laboratory. 
An earlier pilot study determined that after two days, host recovery precipitously 
dropped off. A longer period between release and collection results in many fewer 
captures off burlapped trees. By day 4, even of those placed directly on low-lying shrubs, 
few (< 20) insects may be recovered. The release of older instar larvae as trap hosts when 
male L. dispar were on the wing allowed the recovery of parasitoids from different 
localities later in the season. The number of C. concinnata reared from trap hosts released 
and collected later in the season from New York, Connecticut, and Michigan, were 
sufficient to found three new geographic strains with 15-30 of the flies emerging from 
each site. 
An advantage of releasing specific instars for sampling a parasitoid is that these 
trap-host insects can be used to monitor the parasitoid’s developmental times. In this 
analysis, I was able to qualitatively assess development and observed no apparent 
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Table 5.4 Late instar release of L. dispar in 6 sites in the Northeast and their 
recapture and rearing for the tachinid C concinnata. 
Location Release 
Date 
Total Larvae 
Released 
L. dispar 
Collected 
Host 
Survival % 
C. concinnata 
Recovered 
Game No. 86, 
PA 
234 4,800 1,066 26.0a 90 
Lewis 20, 
NY 246 
4,800 985 81.6 26 
Sebago Lake, 
ME 225 
2,400 199 38.7 10 
Township 10, 
ME 
226 2,400 116 76.7 12 
Hamden, 
CT 
221 
265 
980 
980 
78 
507 
24.0 
18.0 
24 
18 
East Lansing, 
MI 
256 2,400 1336 32.0 32 
* Most of the mortality was from combination of virus and fungus microbial infections. 
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differences in developmental times between the field populations. Their developmental 
times, however, were all slightly (2-4 days) longer in the larval stage than for the Hamden 
laboratory strain. However, adults reared from trap-hosts were consistently of larger size 
than the Hamden strain flies, with the New York individuals being the most robust. 
The allozymes of the adult C. concinnata recovered from trap-hosts were screened 
using standard gel electrophoretic methods for biochemical separation and visualization. 
With the exception of a new allele at the Fum locus found earlier in the offspring of adults 
from New York Lewis 20, (Chapter 4), no new alleles were observed (Table 5.5). Across 
all the populations I observed a maximum of two alleles per locus. 
The deviation from Hardy-Wienberg equilibrium was significant in only 1 of 35 cases 
(in 7 polymorphic loci) at the single Mpi locus for the New York population. The average 
heterozgosity across all loci, however, did not differ from what would be expected by 
chance alone. The frequencies of homozygotes observed were higher for this gene than 
expected under Hardy-Wienberg equilibrium (Table 5.5). Although the MPI enzyme 
system had a diversity of isozyme types (Figure 5.2), not all were scored as allozymes. 
Some of these electromorphs were consistently observed to be invariant, and having no 
apparent genetic resolution, were classified as post-translational products. The occurrence 
of another known invariant locus on a particular gel facilitates scoring and comparing 
samples. Similarly, the presence of the Me locus as a weak anodal band on MPI enzyme 
stained gels provided a marker that made their scoring straightforward. 
The distribution of alleles and their frequencies between these populations suggested 
little diversity within the populations and only slight differentiation in the distribution of 
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Table 5.5 Distribution of allele frequencies and average het¬ 
erozygosities' expected (HJ and observed (H0) at 7 enzyme 
loci for five geographic populations of C concinnata 
in US. 
LOCUS GEOGRAPHIC SOURCE 
NY MI ME PA CT 
ALLELES 
(SAMPLE SIZE) 
EST-jS 
1 0.870 0.500 0.917 0.806 0.720 
2 0.130 0.500 0.083 0.194 0.280 
(N) 27 14 12 18 25 
TPI 
1 0.870 0.900 0.792 0.821 0.867 
2 0.130 0.100 0.208 0.179 0.133 
(N) 23 10 12 14 15 
MDH1 
1 0.953 0.933 0.958 0.917 0.980 
2 0.047 0.067 0.042 0.083 0.020 
(N) 32 15 12 18 25 
HA 
1 0.734 0.367 0.700 0.778 0.650 
2 0.266 0.633 0.300 0.222 0.350 
(N) 32 15 10 18 20 
MPI 
1 0.765 0.786 0.625 0.694 0.740 
2 0.235 0214 0.375 0.306 0.260 
(N) 34 14 12 18 25 
FUM 
1 0.796 0.792 0.944 0.813 0.881 
2 0.204 0.208 0.056 0.188 0.119 
(N) 27 12 9 16 21 
PGM 
1 0.922 0.767 0.688 0.861 0.780 
2 0.078 0.233 0.313 0.139 0.220 
(N) 32 15 8 18 25 
Hs 0.057 0.074 0.064 0.067 0.067 
std err 0.021 0.027 0.025 0.024 0.025 
H0 0.049 0.081 0.073 0.067 0.064 
std err 0.020 0.030 0.031 0.024 0.025 
Averaged heterozygosities included 24 monomorphic loci. 
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Figure 5.2 Allozyme patterns for mannose phosphate isomerase (MPI) 
and superoxide dismutase (SOD) enzyme systems in horizontal starch-gel 
of the tachinid Compsilura concinnata stained for malic (ME) enzyme. 
Patterns similar to lane 2 resolve SOD, ME and MPI isoenzymes on one 
gel. Individuals in lane 3 and 18 lack the MPI and SOD allozymes and 
have dark post-translational products at migration distance of normally 
cleared SOD zone. 
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this variability between populations (Table 5.5). An advantage of the G statistic is that it 
may be decomposed additively to evaluate the individual effect of any one particular locus 
on the overall variability observed in a population. The F statistic does not have this 
characteristic, but does provide a measure of the relative inbreeding. Using the statistics 
derived for these populations suggests that the differentiation between sites is contained in 
the allelic variation limited to 3 of the 7 polymorphic genes, namely the Est-(3, Ha and 
Pgm loci (Table 5.6). 
If this characteristic is consistent across populations, these particular loci would 
provide adequate information to help root diagrams of the most probable trees. The 
diversity measures calculated for these populations and evaluation of both Nei and Rogers 
distance measures generally maintained the integrity of the populations geographically 
(Table 5.7). Using this information a UPGMA cluster tree with Nei distance (Nei 1989) 
measures placed all but the Michigan population close to each other (Figure 5.3). Given 
the large spatial scale over which these populations were sampled it is unlikely that any 
immigration among these populations would occur in a season, since C. concinnata is not 
known to disperse in a year over such a large distance. 
5.4 Discussion 
Ecological studies with C. concinnata have implicated it is an important biological 
control agent with a potentially low numerical response between host generations because 
it depends on alternate hosts for overwintering (Clausen 1959, Ticehurst et al. 1978). 
Nonetheless, it may exert a limited, but strongly density-dependent response in a 
generation over areas with locally abundant and patchy hosts (Barbosa et al. 1975 
Table 5.6 Measures of genetic diversity over 5 geographic populations of 
C concinnata from the northeastern United States. 
Enzyme Loci 
Est-0 TPI MDH1 HA MPI FUM PGM 
H, 0.362 0.255 0.098 0.458 0.401 0.262 0.316 
H, 0.319 0.252 0.097 0.415 0.395 0.255 0.303 
H0 0.283 0.300 0.091 0.441 0.317 0.242 0.393 
Avg. H, Hs H„ 
0.069 0.066 0.067 
Std.Err. 0.025 0.024 0.024 
F* 0.112 -0.190 0.064 -0.063 0.198 0.048 -0.298 
Fa 0.218 -0.177 0.073 0.036 0.211 0.074 -0.245 
F„ 0.119 0.012 0.010 0.093 0.016 0.027 0.041 
Avg. FB F* Fa 
-0.016 0.039 0.054 
Ga 17.694 1.399 2.128 14.897 2.386 3.685 8.422 
Sum Gb 50.611 
# df = 4 at each locus 
b df = 28 over all polymorphic loci 
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Table 5.7 Matrix of Nei’s and Roger’s distance measures 
between 5 source populations of C concinnata from the 
northeastern United States. 
SOURCE* NY MI ME PA CT 
NY * 0.010 0.004 0.001 0.002 
MI 0.031 * 0.012 0.010 0.005 
ME 0.022 0.041 * 0.003 0.003 
PA 0.011 0.033 0.020 * 0.001 
CT 0.017 0.024 0.020 0.017 * 
* The Nei measures are along the upper right, and Rogers 
indices are along the lower left of matrix. 
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Figure 5.3 Representative UPGMA cluster diagram, with Nei 
distances at nodes, for 5 geographic populations of C 
concinnata from the northeastern United States. 
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Reardon 1976, Elkinton et al. 1989, Gould et al. 1990, Elkinton and Liebhold 1990). 
Although trap-host parasitism was low, flies were recovered from 9 of the 11 sites 
sampled, suggesting this species is almost certainly distributed widely throughout the 
Northeast. Although differences in fitness were not measured in this study, the seemingly 
larger-sized adults from northern New York could be caused by host-physiological factors 
(Weseloh 1984) not associated with any heritable differences. 
The occurrence of a new allele at the Fum locus in a strain founded with some of the 
individuals collected from Northern New York (site 6) and examined earlier (Chapter 3), 
is potentially valuable because a consistent ’private' allele might be used to measure gene 
flow among populations (Slatkin 1985). Low differentiation among the populations of C. 
concinnata on the landscape scale of the northeastern United States is in sharp contrast to 
the magnitude of differences observed on the microgeographic scale between trees of 
different species in the true fruitfly R. pomonella (McPheron et al. 1988, Opp 1988). 
However, considering the landscape scale of the northeastern region and that historically 
populations of C. concinnata collected in this area were moved about (Chapter 1), the 
expected genetic distance between populations, with all the effects related to this gene 
flow, should not be large. 
It is not unusual that an additional allele at the Fum locus was found in the New York 
population considering the sampling constraints. This area, lying between the Tug Hill 
Plateau and western fringe of the Adirondacks, is unique because the forest s tands are 
northern hardwoods of red and striped maple, and beech that are usually nonpreferred 
species of the gypsy moth. This area of the Adirondacks is different, however, being 
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boarded in the north by a large waterway to the Canadian border. In Canada, C. 
concinnata was released earlier for the biological control of lepidopteran forest pests 
using flies from northeastern source populations (Chapter 1, Kelleher and Hulme 1981). 
This was the only plot with a substantial alternate host population of forest tent 
caterpillars, Malacosoma disstria Hubner. It is not clear how host availability influences 
C. concinnata, since this caterpillar feeds principally on Acer spp. but has a phenology 
similar to the gypsy moth. Being a highly polyphagous species, C. concinnata may not 
have subpopulations specializing on any one species in the field, particularly when we 
consider that their patterns of emergence and parasitism are influenced by climatic factors 
affecting their phenology. It is possible but unlikely that specialization in resource 
utilization would have developed sufficiently in such polyphagous species to maintain 
heterogeneity in these populations (Futuyma and Peterson 1985). 
A feature of some population genetic models is that with increasing scale and sample 
size, smaller differences may increase in significance, and as such are mere artifacts (Nei 
1987). The estimate of the inbreeding coefficient (F^ ) under a neutral allele model has 
been related to the product of the effective population size (N) and the migration rate (m) 
under a finite population island model by Wright (1982) and others as Fst= 1/(1 + 4Nm). 
By inverting the solution we can estimate Nm, an index of gene flow, and investigate the 
conditions under which genetic drift is important in maintaining populational variability 
(1 > Nm) or when other factors maintain the variation (Nm >1) (Slatkin 1987). Values of 
Nm estimated for populations of C. concinnata were lowest in the most variable loci Est-fi 
and Ha (Table 5.6). The G values for those comparisons, on the other hand, suggests that 
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the variation existing between these populations probably arose from factors other than 
genetic drift. This may explain some of the distance between the populations sampled in 
this study and the M3 group where possibly more female parasites may have been sampled 
and hence provided a larger sample size. These inconsistencies may result from the low 
number of samples available for this study, yet imply that variation in North American 
populations of C. concinnata is slightly higher within populations than between them. 
Determining the response of natural enemies to host populations utilizes numerical 
information that presumes all individuals in the population are the same and does not 
consider how it may be influenced by the genetic structure of the individuals, the local 
demes, or the larger regional population at the level of the landscape. It has been 
suggested that some studies evaluating biological control efficacy fail to assess natural 
enemy mortality across various numerical scales (Bellows et al. 1992) or behavioral levels 
(Rosenheim et al. 1989). The differences between the geographic strains of C. concinnata 
do not immediately suggest that their are any characteristics that could be used to readily 
identify their source in the Northeast. The identification of biological types (Chapter 3, 
Hooper et al. 1993) can provide a tool for genetic studies of ecological patterns of natural 
enemies on the landscape, although these typically use quantitative traits associated with 
polygenic characters presumed important in biological control. Yet, quantitative genetics 
has no more mapped the observed phenotypes on the composite genotypes from which 
they arise than any other subdiscipline of evolutionary biology (Hartl and Clark 1989). 
It has been widely observed that gene frequencies in laboratory populations, even 
when kept under heterogeneous conditions and started with variable founders, tend to 
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decrease over time lowering variability (Powell and Wistrand 1978). Populations in the 
field are exposed to constantly changing environments over a large scale, but face 
relatively homogenous environments on the smaller level of the stand. Such spatial 
heterogeneity is considered a major force driving adaptive responses important in enabling 
the clinal distributions of allele frequencies observed in some species (Somero 1978, 
Koehn and Eanes 1978). The problem of understanding how variability at the level of a 
protein translates to fitness, however, is not trivial. 
Apparent associations between heat-stable GPI (= Pgi) phenotypes and lowered 
fecundity in Colias butterflies suggests that such populations in a changing environment, 
as have been projected for some global warming scenarios, could be at a distinct fitness 
disadvantage (Watt 1992). Such protein differences were shown to reflect a fair portion 
of the underlying nucleic acid variability, as demonstrated for allozyme variants at the Adh 
locus (Kreitman 1983). In some instances these allozyme differences occur in a one to one 
correspondence; an alteration in a single base pair can be sufficient for differences in 
allozyme mobility (Ramshaw et al. 1979). It is not unusual to find insects, which under 
relatively homogenous environmental conditions remain genetically diverse, affected by 
linkage disequilibrium that generates balanced lethal systems exhibiting extremes of 
heterotic vigor (Munsterman 1994). Earlier genetic models of colonization by insects 
assumed variability increased with proximity toward some central core population 
(Remington 1968), but these models did include the contributions of balanced lethal 
systems in which reduced variability may not be readily apparent. 
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Early in the establishment of the Hamden C. concinnata laboratory strain, slightly 
lethal homozygotes appeared having white eye color and body deformities, e g., a 
hippobosid-like fly effected by a diminutive prothorax (Sanchez, unpublished). This 
population, despite having a relatively depauperate allelic variability overall, nonetheless 
did adapt itself well to the laboratory (Chapter 4). Even if the loss of variability is itself a 
reflection of the adaptation, the current paradigm in rearing, requiring genetically diverse 
populations, is not strictly valid for this tachinid in the laboratory or perhaps the field. 
Indeed, the low genetic diversity observed in northeastern populations of C. concinnata 
suggests that this adaptability applies to strains established in the field and occurs in light 
of little variability over many loci. 
It is particularly critical today to understand the genetics of colonization by 
parasitoids as they are needed for implementing more ecosystem-based methodology to 
forest biological control efforts (Pschom-Walcher 1977, Slocombe 1993). It is especially 
important to consider these relationships when recognizing that attempts to release a 
breeding population of any biological control agent can result in ’self-perpetuating' errors, 
should these organisms survive, reproduce, and transfer to valuable non-target hosts or 
displace native species (Turnbull and Chant 1961). Failing to meet this challenge can pose 
enormous problems for conservation efforts, as recently suggested by reports of 
population reductions of threatened and endangered Lepidoptera species as a result of the 
establishment of oligophagous parasitoids like C. concinnata (Schwitzer 1989, Hauptman 
1991). Miller and Aplet (1993) recently took the issue of the possible threat of 
unregulated biological control further in a legal analysis for the development of a federal 
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Biological Control Act. They suggest that an ecosystem orientation rather than a species 
approach be used in reviewing biocontrol proposals and that stronger presumptions be 
created against the use of alien organisms for pest control. 
The relatively low variability within and among populations of C. concinnata 
established in North America may provide a novel environment to test gene flow in natural 
populations. It is likely, given their initial introduction history (Chapter 1), that many of 
the palearctic populations of this tachinid remain to be investigated and that the 
introduction of marker genes from new strains is feasible. As this insect extends its 
nearctic range, obtaining new information about its genetic diversity will help in identifying 
movement throughout the Northeast. However, given the nonestablishment for early 
releases of C. concinnata in the Southern and Southwestern United States, and knowledge 
that the palearctic distribution of the species includes more southerly climates, it is likely 
that much of the genetic variation in this species is not represented in North American 
populations. The source populations of these early introductions were from limited 
populations adapted to the more northemly climates of Western Europe and could explain 
their absence in southerly latitudes. Further work could demonstrate how frequencies of 
alleles with ascribed fitness characteristics respond to ecological differences thereby 
increasing our understanding of their establishment patterns in new habitats. 
Wilson (1980) has suggested that the genetic structure of a parasite population is 
often different from its ecological structure, behaving reproductively as a single unit yet 
categorized into groups based on their interactions within individual hosts. Future studies 
should investigate further the diversity of C. concinnata particularly in the northwestern 
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United States and Canada to determine if the low genetic variability observed in the 
Northeast is typical for all North American populations of this tachinid. Extending 
collections into their palearctic range is also necessary to determine how genetic variation 
is distributed across those endemic regions and provides information useful in observing 
landscape wide processes. This could increase our knowledge of how heritable variation 
within natural enemies is important in relationships with their hosts. 
124 
5.5 References 
Arnaud, P. H. Jr. 1978. A host-parasite catalog of North American Tachinidae 
(Diptera). USD A, Sci. Ed. Adm., Misc. Pub. No. 1319. 860 pp. 
Ashbumer, M., H. L. Carson and J. N. Thompson, Jr., [eds.]. 1982. The genetics and 
biology of Drosophila, v.3. New York: Academic Press. 
Baker, H. G. and G. L. Stebbins, eds. 1965. The genetics of colonizing species. 
Academic Press, New York, New York:. 588 pp. 
Barbosa, P., J. L. Capinera, and E. A. Harrington. 1975. The gypsy moth parasitoid 
complex in western Massachusetts: a study of parasitoids in areas of high and low 
density. Environ. Entomol. 4:842-846. 
Bell, R. A., C. D. Owens, M. Shapiro and J. R. Tardiff. 1981. Development of mass 
rearing technology, pp. 599-633. In C. C. Doane and M. L. McManus [eds.]. The 
gypsy moth: Research toward integrated pest management. USDA Tech. Bull. 1584. 
Bellows, T. S., Jr., R. G. Van Driesche and J. S. Elkinton. 1992. Life-table 
construction and analysis in the evaluation of natural enemies. Annu. Rev. Entomol. 
37:587-614. 
Berlocher, S. H. 1980. An electrophoretic key for distinguishing species of the genus 
Rhagoletis (Diptera: Tephritidae) as larvae, pupae and adults. Ann. Entomol. Soc. 
Am. 73:131-137. 
Berry, R. J. 1989. Electrophoretic studies: perspectives for population biology, pp. 
7-16. In H. D. Loxdale and J. den Hollander [eds.]. Electrophoretic Studies on 
agricultural pests. Systematics Association Special Volume 39. Claredon Press, 
Oxford, U. K. 
Bess, H. A., S. H. Spurr, and E. W. Littlefield. 1947. Forest site conditions and the 
gypsy moth. Harv. For. Bull. 22. 56 pp. 
Bremer, K. 1992. Ancestral areas: a cladistic reinterpretation of the center of origin 
concept. Syst. Biol. 41:436-445. 
Burgess A. F. and S. S. Crossman. 1929. Imported insect enemies of the gipsy moth 
and the brown-tail moth. USDA Tech. Bull No. 86. 147 pp. 
Bush, G. L. and S. R. Diehl. 1982. Host shifts, genetic models of sympatric speciation 
and the origin of parasitic insect species, pp. 297-306. In Proc. 5th Int. Symp. 
Insect-Plant Relationships. 
125 
Clausen, C. P., [ed*]. 1978. Introduced parasites and predators of arthropod pest and 
weeds: A world review. USDAHandbk. 480. Washington, D. C. 545 pp. 
Culliney, T. C., T. M. ODell, and V. Sanchez. 1992. Larviposition of Compsilura 
concinnata (Meigen) (Diptera: Tachinidae), a parasitoid of the gypsy moth, Lymcmtria 
dispar (L.) (Lepidoptera, Lymantriidae). Biocon. Sci. Techn. 2:65-67. 
Culver, J. J. 1919. A study of Compsilura concinnata, an imported tachinid parasite of 
the gypsy moth and the brown-tail moth. USDA Bull. 766, 27 pp. 
DeBach, P. 1958. Selective breeding to improve adaptations of parasitic insects Proc. 
10th Intr. Congr. Entomol., Montreal, 1956, 4:759-68. 
Diehl, S. R. and G. L., Bush. 1984. An evolutionary and applied perspective of insect 
biotypes. Annu. Rev. Entomol. 29:471-504. 
Elkinton, J. S., J. R. Gould, A. M. Liebhold, H. R. Smith and W. E. Wallner. 1989. 
Are gypsy moth populations in North America regulated at low density?, pp. 233-249. 
In W. E. Wallner and K. A. McManus [technical coordinators]. Proceedings, 
Lymantriidae: A comparison of New and Old World tussock moths, USDA, FS, 
Northeastern For. Exp. Stn., Gen. Tech. Rept. NE-123. 
Elkinton, J. S. and A. M. Liebhold. 1990. Population dynamics of gypsy moth in North 
America. Annu. Rev. Entomol. 35:571-576. 
Futuyma, D. J. and S. C. Peterson. 1985. Genetic variation in the use of resources by 
insects. Annu. Rev. Entomol. 30:217-238. 
Gould, J. R., J. S. Elkinton and W. E. Wallner. 1990. Density-dependent suppression 
of experimentally created gypsy moth, Lymantria dispar (Lepidoptera: Lymantriidae), 
populations by natural enemies. J. Anim. Ecol. 59:213-233. 
Harrison, R. G., S. F. Wintermeyer and T. M. ODell. 1983. Patterns of genetic 
variation within and among gypsy moth, Lymantria dispar (Lepidoptera: 
Lymantriidae), populations. Ann. Entomol. Soc. Am. 76:652-656. 
Hartl, D. L. and A. G. Clark. 1989. Principles of population genetics. Sinauer 
Associates, Sunderland, Massachusetts. 682 pp. 
Hauptman, C. 1991. Gypsy moths and generalists. Biological controls of insect pests 
may solve all our problems and create a whole set of new problems. Sancutary ( J. 
Mass. Aud. Soc.) Fall 1991, pp. 17-20. 
Hedrick, P. 1980. Hitchhiking: a comparison of linkage and partial selfing. Genetics 
94:791-808 
126 
Hengeveld, R. 1988. Mechanisms of biological invasions. J. Biogeog. 15:819-828. 
Hopper, K. R., R. T. Roush, and W. Powell. 1993. Management of genetics of 
biological-control introductions. Annu. Rev. Entomol. 38:27-51. 
Hoy, M. 1976. Genetic improvement of insects: fact or fantasy. Environ. Entomol 
5:833-839. 
Kelleher, J. S. and M. A. Hulme, [eds]. 1981. Biological control programmes against 
insects and weeds in Canada 1969-1980. Com.Inst. Biol. Con.Tech. Com. No. 8., 
410 pp. 
Koeh, R. K. and W. F. Eanes. 1978. Molecular structure and protein variation within 
and among populations. Evol. Biol. 11:39-100. 
Krietman, M. 1983. Nucleotide polymorphism at the alcohol dehydrogenase locus of D. 
melanogaster. Nature 304:412-417. 
Liebhold, A. M., J. A. Halverson and G. A. Elmes. 1993. Gypsy moth invasion in 
North America: a quantitative analysis. J. Biogeog. 19:513-520. 
Loxdale, H. D. and J. den Hollander, [eds.]. 1989. Electrophoretic studies on 
agricultural pests. Systematics Association Special Volume 39, Claredon Press, 
Oxford, U.K. 496 pp. 
Luck, R. F. 1988. Experimental methods for evaluating arthropod natural enemies. 
Annu. Rev. Entomol. 33:367-391. 
Mackauer, M. 1976. Genetic problems in the production of biological control agents. 
Annu. Rev. Entomol. 21:369-385. 
May, B. 1992. Starch gel electrophoresis of allozymes, pp. 1-27 and 271-280. In A. R. 
Hoelzel [ed.]. Molecular genetic analysis of populations: a practical approach. Oxford 
University Press, Oxford, U. K. 
May, B., B. Kruge and E. Eng. 1992. Genes in populations. Software from the Cornell 
Laboratory for Evolutionary and Ecological Genetics, Cornell University, Ithaca, New 
York. 
McPheron, B. A., D. C. Smith and S. H. Berlocher. 1988. Microgeographic genetic 
variation in the apple maggot Rhagoletispomonella. Genetics 199:445-451. 
Miller, M. and G. Aplet. 1993. Biological control: A little knowledge is a dangerous 
thing. Rutgers Law Review 45:285-334. 
127 
Munsterman, L. 1994. Unexpected genetic consequences of colonization and 
inbreeding: Allozyme tracking in Culicidae (Diptera). Ann. Entomol Soc Am 
87:157-164. 
Nei, M. 1972. Genetic distances between populations. Am. Nat. 106:283-292. 
Nei, M. 1987. Molecular evolutionary genetics. Columbia, New York, New York. 
512 pp. 
Opp, S. B. 1988. Polygamous mating system of a tephritid fruit fly, Rhagoletis 
pomonella Walsh. Ph. D. dissertation. University of Massachusetts, Amherst. 
Pschorn-Walcher, H. 1977. Biological control of forest insects. Annu. Rev. Entomol 
22:1-22. 
Pimentel, D. and M. S. Hunter. 1992. Status of biological control of pests. Evol. 
Trends Plants. 6:11-15. 
Powell, J. R. and H. Wistrand. 1978. The effect of heterogenous envrionments and a 
competitor on genetic variation in Drosophila. Am. Nat. 112:935-947. 
Price, P. 1980. Evolutionary biology of parasites. Princeton University Press, Princeton, 
New Jersey. 237 pp. 
Ramshaw, J. A. M., J. A. Coyne and R. C. Lewontin. 1979. The sensitivity of gel 
electrophoresis as a dectector of genetic variation. Genetics 93:1019-1037. 
Reardon, R. C. 1976. Parasite incidence and ecological relationships in field populations 
of gypsy moth larvae and pupae. Environ. Entomol. 5.981-987. 
Remington, C. L. 1968. The population genetics of insect introductions. Annu. Rev. 
Entomol. 13:415-426. 
Roderick, G. K. 1992. Postcolonization evolution of natural enemies. In W. Kauffman 
and J. Nechols [eds.]. Selection criteria and ecological consequences of importing 
natural enemies. Thomas Say Pub. Entomol. Soc. Am., v.l. 
Rosenheim, J. A., T. Meade, I. G. Powch and S. E. Schoenig. 1989. Aggregation by 
foraging insect parasitoids in response to local variations in host density: Determining 
the dimensions of a host patch. J. Anim. Ecol. 58:101-117. 
Roush, T. 1990. Genetic considerations in the propagation of entomophagous species, 
pp. 373-387. In R. R. Baker and P. E. Dunn [eds.]. New directions in biological 
control: Alternatives for suppressing Agricultural Pests and Diseases. Alan R. Liss, 
Inc., New York, New York. 
128 
Schaffner, J. V. 1927. Dispersion of Compsilura concinnata Meig. beyond the limits of 
gipsy moth and the brown-tail moth infestation. J. Econ. Entomol. 20:725-732. 
Schaffner, J. V. 1934. Introduced parasites of the brown-tail and gypsy moths reared 
from native hosts. Ann. Entomol. Soc. Am. 27:585-592. 
Schwitzer, D. 1989. Endangered and threatened Lepidoptera of the Northeast. 
Unpublished report presented at First Symposium of the threatened and endangered 
insects of New England, held at the Connecticut Dinosaur Museum, Cromwell, CT on 
November 12, 1989. 
Sisojevic, P. 1975. Interactions in the host parasite system, with special references to the 
gypsy moth-tachinids (Lymcmtria dispar L. - Tachinidae), pp. 108-114. In Papers of 
the 6th Interbalcanic Plant Protection Conference. 
Skinner, M., B. L. Parker, W. E. Wallner, T. M. ODell, D. Howard, and J. Aleong. 
1993. Parasitoids in low-level populations of Lymantria dispar [Lep: Lymantriidae] 
in different forest physiographic zones. Entomophaga 38:15-29. 
Slatkin, M. 1985. Rare alleles as indicators of gene flow. Evolution 39:53-65. 
Slatkin, M. 1987. Gene flow and the geographic structure of natural populations. 
Science 236:78-792. 
Slocombe, D. S. 1993. Implementing ecosystem-based management. BioSci. 
43:612-622. 
Somero, G. N. 1978. Temperature adaptation of enzymes: biological optimization 
through structure-function compromises. Annu. Rev. Ecol. Syst. 9:1-29. 
Ticehurst, M., R. A. Fusco, R. P. Kling and J. Unger. 1978. Observations on 
parasites of gypsy moth in first cycle infestations in Pennsylvania from 1974-1977. 
Environ. Entomol. 7:355-358. 
Tothill, J. D. 1922. The natural control of the fall webworm (Hyphcmtria cunea Drury) 
in Canada. Dominion of Canada, Dept. Agric. Bull. 3, 107 pp. 
Tothill, J. D. and L. E. McLaine. 1919. The recovery in Canada of the brown tail moth 
parasite Compsilura concinnata (Diptera: Tachinidae). Rept. Can. Entomol. Soc. 
36:35-39. 
Turnbull, A. L. and D. A. Chant. 1961. The practice and theory of biological control of 
insects in Canada. Can. J. Zool. 39:697-753. 
129 
APPENDIX A. 
INITIAL ENZYME SYSTEMS SCREENED IN A LABORATORY STRAIN OF 
THE TACHINID C CONCINNA TA WITH THE CONDITIONS OF 
ELECTROPHORESIS AND EXTENT OF THEIR RESOLUTION. 
Enzyme 
Abbre¬ 
viation 
E. C. 
Number 
Subunit Gel 
Number Buffer Status* 
Acid phosphate ACP 3.1.3.2 2 C + 
Aconitase AC 4.2.1.3 1 C + 
Adenosine deaminase ADA 3.5.4.4 1 — — 
Adenylate kinase AK 2.1 A3 1 c + 
Alcohol dehydrogenase ADH 1.1.1.1 2 M + 
Aldolase ALD 4.1.2.13 4 4 * 
Aspartate aminotransferase AAT 2.6.1.1 — C + 
Diaphorase DIA 1.8.1.4 1 4 + 
Esterase EST — 1,2 R + 
Esterase-F-A EST-F-A — — — — 
Fructose biphosphatase FBP 3.1.3.11 — C + 
Fumarase FUM 4.2.1.2 4 4 * 
a-galatosidase a-GAL 3.2.1.22 — — — 
/3-galactosidase j8-GAL 3.2.1.23 — — — 
Galactosaminidase GAM — 2 R + 
Glucokinase GK 2.7.1.2 1 R + 
Glucose-6-phosphate dehydrogenase G6PDH 1.1.1.49 2 — — 
Glucosephosphate isomerase GPI 5.3.1.9 2 R + 
a-glucosidase a-GLU 3.2.1.20 — R + 
/3-glucosidase /3-GLU 3.2.1.21 — — — 
Gultamic dehydrogenase GDH 1.4.1.2-4 2 — — 
Glutathione reductase GR 1.6.4.2 2 — 0 
Glyceraldehyde-3 -phosphate 
dehydrogenase 
GAPDH 1.2.1.12 4 C + 
Gylcerate dehydrogenase G2DH 1.1.1.29 — R + 
Gylcerol-3 -phosphate dehydrogenase G3P 1.1.1.8 — 4 * 
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APPENDIX A. Continued 
Enzyme 
Abbre¬ 
viation 
E. C. 
Number 
Subunit Gel 
Number Buffer Status* 
Guanine deaminase GDA 3.5.4.3 2 M * 
Hexoseaminidase HA 3.2.1.52 — C * 
Hydroxybutyric dehydrogenase HBDH 1.1.1.30 2 R + 
Isocitrate dehydrogenase IDH 1.1.1.42 2 4 + 
Lactate dehydrogenase LDH 1.1.1.27 4 C + 
Leucine dehydrogenase LAP 3.4.11.1 1 4 + 
Malate dehydrogenase MDH 1.1.1.37 2 C + 
Malic enzyme ME 1.1.1.40 4 M * 
a-mannosidase a-MAN 3.2.1.24 — R + 
Mannosephosphate isomerase MI 5.3.1.8 1 M * 
Methylumbelliferyl phosphatase MUP — — C + 
Nucleoside phosphorylase NP 2.4.2.1 3 R — 
Octanol dehydrogenase ODH 1.1.1.73 2 R — 
Peptidase with glycl-leucine PEP-GL 3.4.11-13 L2 R + 
" " leucyl-alanine PEP-LA — ff R + 
" ” leucyl-glycly-glycine PEP-LGG — ft R + 
" " phenyl-alanyl-proline PEP-PAP — tf R + 
Phosphoglucomutase PGM 5.4.2.2 1 4 + 
Phosphogluconate dehydrogenase PGD 1.1.1.43 2 4 + 
Phosphoglycerate kinase PGK 2.1.23 1 R — 
General protein PRO — — 4 + 
Superoxide dismutase SOD 1.15.1.1 2 R + 
Triosephosphate isomerase TPI 5.3.1.1 2 R * 
Xanthine dehytdrogenase XDH 1.1.1.204 2 R + 
* Resolvable isoenyzmes were coded as * when polymorphic and + when monomorphic. 
Systems labeled as - had limited resolution and the weakest activity was assigned 0 
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APPENDIX B. 
PERCENT EMERGENCE FROM L. DISPAR OF TWO STRAINS OF THE 
TACHINID C CONCINNATA BEING SELECTED FOR HIGHER FECUNDITY 
UNDER LABORATORY CONDITIONS. 
Days since mating 
Figure 1. Laboratory strain over 10 days. 
Days since mating 
Figure 2. Near-wild strain parasitism over 14 days. 
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